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RNase MRP is a ribonucleoprotein particle (RNP) with 
endoribonucleolytic activity which is involved in the processing of pre-
rRNA at site A 3. A genetic screen for mutants which are synthetic lethal 
(si) with a temperature sensitive (ts) mutation in the RNA component of 
RNase MRP (rrp2-1) has been performed in order to identify new gene 
products which physically and/or functionally interact with ENase MRP. 
Analysis of the obtained si mutant strains led to the identification 
of a new and essential gene, POP3. Depletion of Pop3p in vivo results in a 
phenotype characteristic of the loss of RNase MRP activity; A 3 cleavage is 
inhibited, leading to under-accumulation of the short form of the 5.8S 
rRNA (5•85S)  and formation of an aberrant 5.8S rRNA precursor which is 
5' extended to site A2. Pop3p depletion also inhibits pre-tRNA processing. 
Primary tRNA transcripts accumulate, as well as spliced but 5' and 3' 
unprocessed pre-tRNAs. The Pop3p depletion phenotypes resemble those 
previously described for mutations in components of RNase MRP and 
RNase P (rrp2-1, rpr1-1 and popl-l). Immunoprecipitation of epitope 
tagged Pop3p efficiently co-precipitates the RNA components of both 
RNase MRP and RNase P. Thus, Pop3p is a common component of both 
RNPs and is required for the function of both enzymes in vivo. 
Strain SL158 carries a mutation in HAL2 which is si in combination 
with rrp2-1. Hal2p is an enzyme that converts pAp (adenosine 3',5' 
bisphosphate), a product of sulphate assimilation, into 5' AMP and P.. It 
has been shown previously that overexpression of Hal2p confers lithium 
resistance in yeast and that Hal2p activity is inhibited by submillimolar 
amounts of Li in vitro. This analysis of ha12 mutant strains led to the 
conclusion that intracellular pAp accumulation results in inhibition of 
the 5'->3' exoribonucleases Xmlp and Ratip. Growth of a wild-type yeast 
strain in the presence of 200 mM LiC1 also results in inhibition of the 
exonucleases due to Li inhibition of Hal2p and subsequent intracellular 
pAp accumulation. Processing of all known exonuclease substrates (5.8S 
rRNA and certain snoRNAs) is inhibited, pre-rRNA spacer fragments 
accumulate and 5'->3' exonucleolytic mRNA turnover is inhibited. 
Lithium also inhibits the activity of RNase MRP by a mechanism which is 
not mediated by pAp. The rrp2-1 mutation confers Li hypersensitivity 
and is si with mutations in either HAL2 or XRN1. Li toxicity in yeast is 
therefore due to synthetic lethality evoked between Xrnlp and RNase 
MRP. Similar mechanisms may contribute to the effects of Li on 
development and in human neurobiology. 
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Aims of this Thesis 
In eukaryotic cells the mature ribosomal RNAs (rRNAs) are 
released from a long precursor molecule (pre-rRNA) by a complex series 
of endo- and exonucleolytic processing reactions. Many small nucleolar 
RNA species (snoRNA) and their associated proteins have been shown to 
participate in pre-rRNA processing and rRNA maturation. So far only 
one snoRNA, RNase MRP RNA, is known to be part of a snoRNP particle 
which has enzymatic activity. This activity is required to 
endonucleolytically cleave the pre-rRNA at a site called A 3 in the internal 
transcribed spacer region 1 (ITS1). 
RNase MRP consists of one RNA subunit and several protein 
subunits, two of which have been identified so far (Popip and Snmlp). A 
genetic screen was designed to identify mutant yeast strains which are 
synthetic lethal (si) in combination with a point mutation in the RNA 
component of RNase MRP. Synthetic lethal mutations often lie in gene 
products which physically and/or functionally interact with each other. 
One expected outcome of the si screen would therefore be the 
identification of novel protein components of the MRP snoRNP. This is a 
prerequisite to understand the catalytic mechanism of RNase MRP and 
the way in which the particle interacts with its substrate(s). This is of 
particular interest since there is the possibility that MRP RNA is the 
catalytic subunit of the enzyme which, however, requires protein 
cofactors for activity. Furthermore it was hoped that the screen would 
provide more information about the function of RNase MRP. The only 
known in vivo cleavage site of RNase MRP (site A 3 in pre-rRNA) is non-
essential for cell viability in' yeast, whereas all known MRP components 
have been shown to be required for cell viability. Therefore it seems likely 
that there are additional (essential) substrates in the cell which have to be 




Chapter 1 	 Introduction 
1.1 The nucleolar world of the snoRNAs 
In all eukaryotic cells ribosomal RNAs are matured in a special 
nuclear compartment, the nucleolus. The nucleolus is often viewed as an 
accumulation of actively transcribed rRNA genes which is surrounded by 
a cloud of transcription products in form of pre-ribosomal particles at 
various stages in their maturation pathway. There are three 
morphologically distinct nucleolar domains, the fibrillar centres (FC), the 
dense fibrillar component (DFC) and the granular component (GC) 
(Scheer et al., 1993). The interpretation of much of the data remains, 
however, controversial and there is strong disagreement on the specific 
functions of the particular components (Jordan, 1991). 
The elaborate mechanisms which are used by the cell to synthesise 
ribosomal RNAs are best understood in the yeast Saccharomyces 
cerevisiae. This is described in section 1.2.1 followed by a section on the 
same mechanism in higher eukaryotic organisms. The nucleolus is 
inhabited by a surprisingly large number of small nucleolar RNAs 
(snoRNAs) which are associated with non-ribosomal proteins to form 
stable complexes, the small nucleolar ribonucleoproteins (snoRNPs). It is 
believed that each human pre-rRNA is transiently associated with more 
than one hundred distinct snoRNA species (Tollervey, 1996b). Recently 
there has been a major breakthrough in understanding both the structure 
and function of the snoRNAs/snoRNPs. The majority of snoRNAs can be 
assigned into two major families which are required for ribose 
methylation and pseudouridylation of pre-rRNA, respectively. The 
structure, function and biogenesis of these snoRNAs will be discussed in 
sections 1.3, 1.4 and 1.7. The'RNase MRP snoRNP, which is also involved 
in pre-rRNA processing, does not share similarities with other snoRNAs. 
RNase MRP is, however, related to another nuclear RNP, RNase P, which 
is required for pre-tRNA processing. These particles will be discussed 
2 
Chapter 1 	 Introduction 
further in sections 1.5 and 1.6, respectively. As far as is known, all 
nucleolar components are devoted to the transcription, modification, 
processing or assembly of ribosomal RNA subunits. 
Understanding of the snoRNAs has long lagged behind the 
characterisation of the highly abundant nuclear snRNAs required for 
splicing of mRNA precursors. The five uridine-rich (hence the name) 
snoRNAs Ui, U2, U4, U5 and U6 and associated proteins form a complex 
structure, the spliceosome, on the pre-mRNA substrate. Extensive studies 
have shown that the spliceosome is a highly dynamic structure which 
involves a complex network of RNA-RNA as well as protein interactions 
(Madhani and Guthrie, 1994). A large amount of data supports the idea 
that the trans-acting snRNAs of the spliceosome establish a catalytic 
scaffold on the pre-mRNA substrate and that the catalytic steps of the 
processing reaction are performed by the RNA moieties (Madhani and 
Guthrie, 1992). This fundamental biological process might therefore 
depend on mechanisms which have been conserved from an ancient 
RNA world which did not know protein enzymes (Moore et al., 1993). 
The nucleolar localisation of snoRNAs has led to the long-standing 
assumption that these RNA species are involved in rRNA processing. It 
was suggested that snoRNAs could serve as RNA chaperones in the 
folding of pre-rRNA, that they are involved in RNA processing and 
modification and that they could be required in assembly and export of 
ribosomal subunits (Maxwell and Fournier, 1995). Considering the large 
number of snoRNAs which were (and are still being) identified and many 
potential functions an unexpected order was introduced into the 
nucleolar snRNA world over the past few years. snoRNAs can be grouped 
into three classes: 1) box C+D snoRNAs most of which direct base 
methylation of rRNA; 2) box H+ACA snoRNAs most of which direct 
pseudouridylation of rRNA and 3) RNase MRP RNA (the only member 
of this group) which endonucleolytically cleaves pre-rRNA. 
3 
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The main conclusions from snoRNA research over the last two 
decades are that all snoRNAs/snoRNPs are involved in the formation of 
functional rRNAs. snoRNAs direct rRNA methylation, pseudouridine 
formation and pre-rRNA processing. These functions always seem to 
involve direct Watson-Crick base-pairing of the snoRNAs with the pre-
rRNA. Furthermore, snoRNAs appear to have exclusively structural and 
no catalytic functions (with the possible exception of RNase MRP; see 
below). This is in contrast to the nucleoplasmic snRNAs which are 
thought to be mediating transesterification reactions directly in order to 
excise intronic sequences from pre-mRNAs. 
In 
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1.2 Processing of pre-ribosomal RNA 
1.2.1 Yeast Pre-rRNA processing 
Processing of ribosomal RNA is a major metabolic activity of every 
eukaryotic cell. Due to the availability of molecular genetic techniques 
this process is best understood in yeast (reviewed in Venema and 
Tollervey, 1995; Figure 1.1 Q. In S. cerevisiae 100 to 200 copies of rDNA 
genes are tandemly arranged on the right arm of chromosome XII. The 
structure of a single rDNA unit, which is 9.1 kb long is shown in figure 1.1 
A. Three of the four mature rRNAs, 18S, 5.8S and 25S are transcribed as a 
single precursor molecule by RNA polymerase I. This 35S pre-rRNA 
(Figure 1.1 B) also contains two external transcribed spacer regions (5' and 
3' ETS) as well as two internal transcribed spacer regions (ITS1 and ITS2). 
5S rRNA is transcribed independently by RNA polymerase ifi. The 
organisation of eukaryotic rRNA operons is conserved in evolution. Only 
the location of the 5S rRNA genes between the 35S rRNA units is a S. 
cerevisiae specific feature. 
Due to the high copy number of the rDNA units, cis-acting 
elements within the 35S pre-rRNA could not be analysed for a long time. 
A number of different approaches in yeast helped to overcome this 
problem. Initially, neutral sequence tags were introduced into plasmid 
borne 18S and 25S rDNA sequences (Musters et al., 1989). This system 
allowed the processing of the mutant pre-rRNA to be traced in a wild-type 
background but did not allow testing of the lethality of certain pre-rRNA 
mutations (Musters et at., 1990). A more sophisticated approach relied on 
the expression of rRNA from plasmids which were transcribed by pol H. 
Yeast strains were used which carried a ts mutation in the largest subunit 
of poi I. At the non-permissive temperature yeast strains could survive 
due to rRNA transcription from a high copy plasmid under the control of 
5 
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an inducible pot II promotor (Henry et al., 1994; Ailmang et al., 1996). This 
system allowed the analysis of mutant pre-rRNAs both in respect to pre-
rRNA processing and cell viability. 
Yeast genetic techniques were particularly successful in the 
identification and analysis of trans-acting factors involved in pre-rRNA 
processing. This was important since very few processing steps could be 
reproduced in vitro. The first reaction to be reproduced in vitro was the 
formation of the 3' end of 25S and 35S RNA; this activity was micrococcal 
nuclease insensitive and is therefore unlikely to require a trans-acting 
RNA species to occur (at least in vitro) (Yip and Holland, 1989). Recently it 
was shown that short synthetic substrates comprising regions in the 5' and 
3' ETS were cleaved by the endonuclease RNase Ill (Abou Elela et al., 
1996). The first pre-rRNA cleavage event at site A 0 and 21 nt downstream 
of the 3' end of 25S rRNA are made by this enzyme. Furthermore, it was 
possible to reproduce in vitro cleavage of pre-rRNA substrates at site A 3 in 
ITS1 using highly enriched RNase MRP (Lygerou et al., 1996). 
Genetic depletion of the snoRNAs U3, U14, snR30 and snRlO 
results in very similar pre-rRNA processing phenotypes as does depletion 
of the snoRNP proteins Nopip, Garip and Sofip. Yeast strains lacking one 
of these snoRNP components are inhibited in cleavage at the distant 
processing sites A l and A2. Cleavage at site A 0 also requires U3 and is at 
least strongly delayed in the other snoRNP mutants. As a result the 
characteristic accumulation of an aberrant 23S pre-rRNA precursor is 
observed due to cleavage of 35S pre-rRNA at site A 3. The 23S precursor is 
rapidly degraded, probably by the exosome complex of 3'->5' exonucleases 
and is not processed to mature 18S rRNA. Maturation of the 5.8S and 25S 
rRNAs is not affected. 
The observation that several snRNPs are required for the same set 
of processing reactions gave rise to the idea that a multi-snRNP complex 
forms on the pre-rRNA to coordinate cleavage both 5' and 3' of mature 
18S rRNA. This snoRNP complex might serve a similar function to the 
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extended stem structure which is formed between sequences 5' and 3' of 
16S rRNA in bacteria. The binding of snoRNPs to different regions on the 
pre-rRNA is thought to bring the distant A 0, A1 and A2 cleavage sites into 
close proximity (Morrissey and Tollervey, 1995). This might explain the 
observed coupling of these processing events. The enzymatic activities 
required for A 1 and A2 cleavage remain elusive. The early cleavage events 
at site A0, Al  and A2 result in the separation of the pre-rRNA into 
precursor molecules which give rise to the mature rRNAs of the large 
and small ribosomal subunit respectively. The 20S pre-rRNA gives rise to 
18S rRNA after endonucleolytic cleavage at site D. This is likely to occur 
in the cytoplasm since the D - A2 spacer fragment strongly accumulates in 
yeast strains lacking the 5'->3' exonuclease Xrnlp, which is predominantly 
cytoplasmatic (Heyer et al., 1995; Stevens et al., 1991). 
The downstream fragment, 27SA 21  which is produced after cleavage 
at site A2 gives rise to the 5.8S and 25S rRNAs. Two alternative processing 
pathways result in the formation of two distinct forms of 5.8S rRNA, 5.8S 
(short) and 5.8SL (long) (Henry et al., 1994). In the major pathway 
(approximately 90%) the 27SA 2 pre-rRNA is cleaved endonucleolytically 
at site A3 by RNase MEP (Lygerou et al., 1996). This provides an entry site 
for the 5'->3' exonucleases Xrnlp and Ratip which then form the mature 
5' end of 5.8S  rRNA (Henry et al., 1994). A minor pathway produces 5.8S 
rRNA which contains approximately 7 additional nucleotides at the 5' 
end (5.8SL).  This pathway requires processing at site B1 L but so far no 
mutants have been isolated which are inhibited in this processing step. 
Alternative processing of the 27SA 2 pre-rRNA produces the 27SB 
and 27SBL precursors which are subsequently processed by the same 
pathway. Cleavages at sitesand C 2 release the mature 25S rRNA and 
the 7S precursor to 5.8S rRNA. None of the endonucleolytic activities 
involved in ITS2 processing have yet been identified. However, 
mutations in the 3'->5' exonuclease Rrp4p result in aberrant processing of 
the 7S pre-rRNA (Mitchell et al., 1996). Rrp4p forms a complex, the 
7 
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exosome, with at least four other proteins (Rrp4l, Rrp42, Rrp43 and 
Rrp44) (Mitchell et al., 1997). Intriguingly, all of the exosome components 
are likely to have 3'->5' exonucleolytic activity, and in vivo depletion of 
any component results in inhibition of 7S pre-rRNA processing (Mitchell 
et al., 1997). The exosome therefore functions in formation of the mature 
3' end of 5.8S rRNA. 
The mature 3' end of 25S rRNA is formed by processing of the 27SA 
precursor. In addition to RNase Ill cleavage 21 nt downstream of the 3' 
end of 25S rRNA it is likely to require the so far unidentified product of 
the RNA82 gene (Piper et al., 1983). 
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Figure 1.1: Structure of a S. cerevisiae rDNA unit (A), the 35S pre-
rRNA (B) and the pre-rRNA processing pathway (C; not all factors 
involved in pre-rRNA processing are shown). 
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1.2.2 Pre-rRNA processing in higher eukaryotes 
The overall organisation of the pre-rRNA in vertebrates is 
comparable to the yeast pre-rRNA (Figure 1.2). The pre-rRNAs of 
Xeno pus (40S or 7.5 kb) and mammals (47S or 13 kb) are considerably 
larger as are the mature 28S rRNAs which are homologous to 25S rRNA 
in yeast. In contrast to the knowledge accumulated for yeast pre-rRNA 
processing, little is known about detailed processing events in the 
transcribed spacer regions of higher eukaryotes. Most of the information 
available came from processing events that could be reproduced in vitro 
and from RNase H mediated in vivo depletion of snoRNAs after 
microinjection of antisense DNA into Xenopus oocytes. 
The 5' ETS region in mammals is 3 to 4 kb in length and the first 
processing reaction to occur was found at position + 650 in mouse pre-
rRNA which is approximately 3 kb upstream of the 5' end of 18S rRNA. 
This reaction could be reproduced in vitro using mouse cell extracts 
(Miller, 1981). Interestingly, both mouse and human pre-rRNA substrates 
were processed in the mouse in vitro system. A 200 nucleotide region 3' to 
the processing site has been shown to be sufficient for processing (Craig et 
al., 1987) and this region is highly conserved between mammals (Kass et 
al., 1987). Subsequently it was found that 5' ETS processing in X. laevis 
occurs in a fashion analogous to that found in mouse pre-rRNA and the 
frog pre-rRNA is faithfully recognised by mouse cell factors (Mougey et 
al., 1993b). 
The processing region was found to associate with a number of 
polypeptides to form a -20S complex (Kass and Sollner-Webb, 1990). This 
complex contains the U3 snoRNA which was shown to be required for 
the processing reaction to occur (Kass et al., 1990). A - 50 kDa polypeptide 
from mouse cell extracts could be UV crosslinked to the pre-rRNA 
substrate and is believed to be the endonuclease performing cleavage at 
site + 650 (Eichler et al., 1993). This protein has not yet been cloned but it 
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seems possible that it is the mouse homologue of yeast RNase ifi. In low 
salt, detergent treated 'Millar spreads' actively transcribed rRNA genes 
have a characteristic 'Christmas tree' appearance. Closely packed 
'branches' of nascent transcripts extend form a DNA 'trunk' and are 
decorated at the ends with terminal 'balls'. These terminal balls are 
believed to represent the 5' ETS processing complex (Mougey et al., 1993a). 
In addition to U3, the U8 and U22 snoRNAs have been shown so 
far to be required for vertebrate pre-rRNA processing. In addition to its 
requirement for 5' ETS processing it was reported that depletion of U3 also 
inhibits cleavage of Xeno pus pre-rRNA processing at the boundary of 
ITS1 and 5.8S (cleavage site 3; see Figure 1.2) (Savino and Gerbi, 1990). Due 
to the existence of alternative processing pathways this defect could be 
observed only in a subset of oocytes analysed. Moreover, these defects 
could not be rescued by reintroduction of U3, leaving doubt on the 
relevance of these data. Analogous to the situation in yeast these results 
might indicate, however, that 5' ETS and ITS1 processing are coupled also 
in Xeno pus and that U3 is part of a larger snoRNP complex which 
coordinates cleavages in both spacer regions. Similar to U3, U22 is likely 
to be part of this snoRNP complex since depletion of U22 inhibits 
processing of pre-rRNA at both ends of 18S rRNA (Tycowski et al., 1994). 
The only known snoRNA which is required for processing of the 
large ribosomal subunit RNAs is U8. Depletion of U8 RNA results in 
inhibition of Xeno pus pre-rRNA processing at sites 3, 4, 5 and Ti and thus 
5.8S and 28S rENA synthesis while 18S production is not affected (Peculis 
and Steitz, 1993). U8 might interact by base-pairing with the 5' end of 28S 
rENA (Peculis, 1997; section 1.3.3). Like the U3 dependent cleavage at site 
A0, RNase ifi cleavage in the 3' ETS region in yeast might also involve a 
snoRNA. So far it was not possible, however, to identify a snoRNA in 
yeast which could serve a homologous function of Xeno pus U8. 
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Figure 1.2: Comparison of pre-rRNA processing sites in S. cerevisiae and 
vertebrates. 
Shown are the pre-rRNAs from yeast and vertebrates and known process-
ing sites. Vertical double arrows correlate processing sites between the 
pre-rRNAs (from Venema and Tollervey, 1995). 
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1.3 Box C+D snoRNAs 
One group of snoRNAs contains two short evolutionarily 
conserved sequence motifs, termed box C and box D (Maxwell and 
Fournier, 1995). Figuiie 1.3 shows schematically the structure of box C+D 
snoRNAs. The conserved sequence element of box C (UGAUGA) and box 
D (CUGA) are brought into close proximity due to a short stem structure 
which is formed between 5' and 3' terminal sequences. Two additional 
frequently occurring sequences are internal box D' and C' elements but 
those motifs are more loosely conserved than the terminal C and D boxes. 
Regions of perfect sequence complementarity (10 to 21 nt) to regions of the 
mature rRNAs are found in all methylation guide snoRNAs (see below). 
These antisense elements are always located 5' to the D or D' boxes. Box 
C+D snoRNAs that are made as simple transcripts (vertebrate U3 and U8 
and most yeast species) also contain a trimethylguanosine (TMG) cap 
structure at the end of a short 5' leader sequence. 
All of the box C+D snoRNAs have been found to be associated with 
the evolutionary conserved nucleolar protein fibrillarin (Schimmang et 
al., 1989; Balakin et al., 1996; Ganot et al., 1997). Analysis of several 
temperature sensitive mutant alleles of the yeast NOP1 gene encoding the 
yeast homologue of fibrillarin, established multiple functions for NOP1 in 
ribosome synthesis. NOP1 mutant strains are impaired in pre-rRNA 
processing, rRNA modification and ribosome assembly (Tollervey et al., 
1993). Consistent with their association with fibrillarin, box C+D 
snoRNAs function in various steps of rRNA processing. The 
evolutionary conserved U3 and U14 snoRNAs as well as vertebrate U8 
and U22 RNA have been shown to participate in pre-rRNA processing, 
while the majority of box C+D snoRNAs display long stretches of 
sequence complementarity to rRNAs and serve as guides for ribosomal 
RNA methylation. 
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Recently, a second protein, Nop58p, has been shown to be common 
to all box C+D snoRNPs (Lafontaine and Tollervey, submitted). N0P58 
was identified in a synthetic lethal screen with the nopl-3 allele (Gautier 
et al., 1997), which is inhibited in pre-rRNA methylation at the non-
permissive temperature (Tollervey et al., 1993). This protein is found in a 
complex with Nopip and another nucleolar protein, Nop56p (Gautier et 
al., 1997). Genetic depletion of Nop58p results in underaccumulation of 
all box C+D snoRNAs indicating that this protein is required for snoRNA 
biogenesis and/or stability. In contrast to Nopip, Nop58p is likely to 
interact directly with the box C+D snoRNAs, possibly by recognition of a 
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Figure 1.3: Schematic structure of box C+D snoRNAs. 
The highly conserved sequence elements box C and box D are indicat-
ed in upper case and the less well conserved elements box C and D' 
are indicated in lower case The shaded regions adjacent to box D and 
box D' indicate sequence stretches of perfect complementarity with 
sequences in rRNAs. Box C+D snoRNAs which are transcribed from 
independent genes by RNA polymerase II also contain 5' leader 
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1.3.1 U3 snoRNA 
U3 is both the most abundant and most extensively studied 
snoRNA. In yeast, U3 RNA is encoded by two genes, SNR17A and 
SNR17B. Each of the SNR17 genes is dispensable but deletion of both 
genes results in lethality (Hughes, 1987). 
In addition to fibrillarin and Nop58p there are three other proteins 
known to be associated with U3 RNA. Sofip was identified as an 
extragenic suppressor mutation of a nopt strain which was 
complemented by the human NOP1 homologue (Jansen et al., 1993). The 
yeast homologue of the human MPP10 protein, which is recognised by 
antibodies specific for sites of mitotic phosphorylation, has also been 
identified as an U3 component (Dunbar et al., 1997). Furthermore, a 
human 55 kDa protein was recently reported to be associated with human 
U3 snoRNA (Pluk et al., 1998). In contrast to fibrillarin, all three of the 
newly identified U3 proteins appear to be specific to the U3 snoRNP. 
Purification of the human U3 snoRNP resulted in the copurification of at 
least six polypeptides with molecular masses of 74, 59, 36 (fibrillarin), 39, 
13 and 12.5 kDa (Parker, 1987). The structural definition of the U3 snoRNP 
is therefore still incomplete. 
Processing of the large ribosomal subunit rRNA is U3 dependent. 
This was shown by depletion of yeast U3 in vivo (Hughes and Ares, 1991). 
In a yeast strain expression of the U3 gene was controlled by an inducible 
galactose promotor which was the only source of U3 transcription. 
Repression of U3 RNA expression resulted in inhibition of pre-rRNA 
cleavage at sites A 0, Al and A2 and thus inhibition of 18S rRNA synthesis. 
Pre-rRNA processing in the 5' external transcribed spacer (ETS) 
region can be reconstituted in vitro using mouse cell extracts (Kass et al., 
1990). Depletion of U3 snRNP with anti-fibrillarin specific antibodies 
resulted in depletion of processing activity. Similarly U3 dependent 
processing of the 5' ETS region was demonstrated in Xeno pus. The 
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processing activity in Xeno pus cell extract was abolished upon 
oligonucleotide-directed degradation of U3 RNA by RNase H (Mougey et 
al., 1993b). 
Recently yeast mutant strains carrying C- and N- terminal 
truncations in the U3 snRNP protein MpplOp were analysed for pre-
rRNA processing defects (Lee and Baserga, 1997). The mutations did not 
affect U3 snRNP stability as judged by the abundance of U3 RNA and 
mutant MpplOp protein, however, they conferred a cold-sensitive (cs) 
growth defect. Interestingly, these mutants were defective in pre-rRNA 
processing at sites A l and A2 but not at site A 0. Therefore, the functional 
requirement for U3 dependent 18S rRNA maturation can be separated 
into the MpplOp dependent cleavage events at sites A l and A2 and 
cleavage at site A 0 which tolerates MpplOp truncations. 
Psoralen crosslinking studies showed that U3 RNA makes several 
contacts with pre-rRNA (Beltrame and Tollervey, 1992). Mutations of a 10 
bp region of the 5'ETS around one of the crosslinking sites (+ 470 to + 479), 
which is complementary to a sequence within U3 (nt 39 to 48), mimic the 
biochemical phenotype of U3 depletion in yeast (Beltrame et al., 1994). 
Compensatory mutations in U3 RNA, which restore the base pairing 
potential with mutants in this 5' ETS region restore both viability and pre-
rRNA processing (Beltrame and Tollervey, 1995). This was the first 
demonstration that a Watson-Crick base-pairing interaction between a 
snoRNA and the substrate is required for pre-rRNA processing and 
suggested a common feature of small RNAs involved in mRNA and 
rRNA maturation (Beltrame and Tollervey, 1995). Phylogenetic evidence 
also implied that U3 makes several additional base pairing contacts 
directly with 18S rRNA sequences (Hughes, 1996). 
The pre-rRNA can be cleaved in vitro at site A 0 by the yeast 
endonuclease Rntlp in the absence of U3 (Abou Elela et al., 1996). This 
suggest that U3 serves a non-catalytic function in vivo. A structural 
function for U3 could involve correct folding of the pre-rRNA and/or 
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assembly of a pre-ribosomal complex which is competent for processing or 
delivery of RNase III to its site of action. 
1.3.2 U14 snoRNA 
Like U3 RNA, U14 is highly conserved in evolution and essential 
for cell viability in yeast. In vivo depletion of U14 RNA showed that it is 
also required for maturation of 18S rENA, due to inhibition of pre-rRNA 
processing at sites A 1 and A2 (Li et al., 1990). 
In addition to the box C and D elements, U14 contains two 
conserved sequence elements which are likely to form base-pairing 
interactions with 18S rRNA. These are designated domains A and B. 
Mutations in domain A are lethal and can be rescued by compensatory 
base changes in 18S rRNA (Liang and Fournier, 1995). Similarly to U3 
RNA, U14 is believed to participate in folding and assembly of the pre-
rRNA processing complex. This idea is supported by the identification of 
additional U14-pre-rRNA contacts in yeast outside of the domains A and 
B using in vivo psoralen crosslinking (Morrissey and Tollervey, 1997). 
Crosslinking was observed exclusively between U14 and the 35S pre-
rRNA. Nucleotides of U14 RNA involved were identified 5' to domain A 
and in the yeast/fungal specific domain Y. 
Domain Y is essential and conserved in yeasts (Samarsky et al., 
1996) and the mouse U14 homologue can function in yeast only when 
domain Y is inserted (Li and Fournier, 1992). Mutations in domain Y that 
affect processing of 18S rENA in yeast can be suppressed by the DBP4 gene. 
Dbp4b is an essential, putative RNA helicase of the DEAD-DEXH box 
family and is predicted to function either in assembly of the U14 snoRNP 
or in mediating the interaction of U14 with the 35S pre-rRNA (Liang et 
al., 1997). 
Domain B of U14 is not required for viability (jarmolowski et al., 
1990) but conforms to the consensus sequence of methylation guide 
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snoRNAs and is predicted to guide the methylation of C 414 in yeast (Kiss-
Laszlo et al., 1996; see below). A recent study in Xeno pus showed that 
domain B is indeed required for 2'-O-methylation of 18S rRNA (Dunbar 
and Baserga, 1998). Xenopus oocytes depleted of U14 RNA are inhibited in 
2'-O-methylation at nt 427 of 18S rRNA. Injection of in vitro transcribed 
mutant U14 RNAs could restore methylation when the mutations were 
placed in domain A but not in domain B. This confirmed that domain B 
serves as a guide sequence for ribose methylation. In contrast to the 
situation in yeast the authors did not observe inhibition of 18S rRNA 
synthesis upon U14 depletion in oocytes since the levels of rRNA 
precursors were constant and no aberrant precursors were observed 
(Dunbar and Baserga, 1998). Reduced levels of mature 18S rRNA in U14 
depleted oocytes might therefore indicate a requirement for U14 in a step 
in ribosme synthesis other than pre-rRNA cleavage. 
U14 has therefore two distinct functions in rRNA maturation: i) 
processing of 18S rRNA and ii) methylation of rRNA. It has been 
suggested that U14 RNA originated as a methylation guide RNA and later 
acquired an additional function in pre-rRNA processing (Morrissey and 
Tollervey, 1997). Interestingly, yeast U14 RNA is transcribed tandemly 
with the neighbouring snR190 snoRNA from a dicistronic gene and 
requires exo- and endonucleolytic processing reactions for maturation 
(Petfalski et al., 1998; see section 1.7.1). 
1.3.3 U8 snoRNAs 
Using antibodies specific for fibrillarin the X. laevis and human U8 
snoRNAs were isolated (Peculis and Steitz, 1993). Injection of 
oligonucleotides complementary to Xeno pus U8 into developing oocytes 
inhibited pre-rRNA processing. Endogenous RNase H depleted the U8 
RNA/oligonucleotide duplexes which resulted in inhibition of 5.8S and 
28S rRNA due to the elimination of processing at sites 3, 4, 5 and Ti (see 
19 
Chapter 1 	 Introduction 
figure 1.2). Importantly, microinjection of in vitro synthesised U8 RNA 
subsequently to U8 depletion could restore pre-rRNA processing. Since 
processing at site Ti, i.e. the 3' end of 28S rRNA, was completely blocked 
upon U8 depletion it was speculated that U8 interacts directly with this 
region of the pre-rRNA(Peculis and Steitz, 1993). Thus, U8 is required for 
the processing of the large ribosomal subunit rRNAs, in contrast to U3 
and U14 which are involved in 18S rRNA synthesis. 
Mutational analysis of the 5' one-third of U8 RNA, which is the 
most conserved part of the RNA (90% identical between Xeno pus and 
humans), indicate that this is a functionally important region of the RNA 
(Peculis and Steitz, 1994). It is not , however, clear how U8 interacts with 
the pre-rRNA. The longest complementarity between U8 and the pre-
rRNA around the Ti cleavage site region is only six nucleotides making it 
unlikely that U8 makes extensive base-pairing contact with the substrate 
in this region. More recently the 5' end of U8 RNA has been analysed in 
more detail (Peculis, 1997). Injection of numerous 2' 0-methyl 
oligoribonucleotides, which resembled sequences in the 5' region of U8 
and competed for the interaction with the pre-rRNA, indicated that this 
part might interact with the pre-rRNA by base-pairing and showed that 
the 5' end of U8 RNA is necessary but not sufficient for pre-rRNA 
processing. Interestingly, the author identified a potential site of base-
pairing interaction between U8 and the pre-rRNA at the 5' end of 28S 
rRNA. Thus U8 might, like U3 and U14, be required for a processing 
reaction which occurs far downstream of its binding site. This hypothesis 
remains to be confirmed, however. As for U14, there is no U8 snRNP 
specific protein subunit known. 
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1.3.4 U22 snoRNA 
Similarly to U8, U22 is a fibrillarin associated snoRNA which has 
been identified in vertebrates only (Tycowski et al., 1994). U22 RNA is 
highly conserved between humans and Xeno pus (75% identity) and there 
is no apparent homologue in yeast. The function of U22 was studied by 
microinjection of antisense deoxyoligonucleotides into oocytes which 
caused RNase H mediated depletion of the snoRNA (Tycowski et al., 
1994). U22 depletion resulted in inhibition of cleavages at both the 5' and 
3' ends of 18S rRNA. Since injection of in vitro transcribed U22 RNA into 
U22 depleted oocytes could rescue the pre-rRNA processing defect it can 
be concluded that U22 is required for 18S rRNA maturation in Xenopus. 
Many snoRNAs are derived from intronic sequences of pol II 
synthesised transcripts (see below). An unusual feature of human U22 is 
that it is derived from a polyadenylated but apparently noncoding mRNA 
(Tycowski et al., 1996). The U22 host gene (UHG) is very compact and 
encodes seven additional fibrillarin associated snoRNAs (U25-U31) 
within different introns (Tycowski et al., 1996). The spliced UHG RNA 
was found to be associated with polysomes. Due to the lack of coding 
potential it was suggested that ribosome association of the UHG RNA 
might indicate a nonsense-codon mediated mRNA turnover mechanism 
rather than translation of a functional protein (Tycowski et al., 1996). 
Therefore it seems likely that the functional products of the UHG gene are 
specified by the introns and not the exons. 
1.3.5 Methylation guide snoRNAs 
The majority of box C+D snoRNAs contain long stretches of 
conserved perfect complementaritys to the small and large ribosomal 
subunit RNAs (Bachellerie et al., 1995). The association of these antisense 
RNAs with fibrillarin implicated a function in rRNA maturation, 
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however, many RNAs tested in yeast turned out to be dispensable for cell 
viability (Samarsky et al., 1995; Qu et al., 1995; Maxwell and Fournier, 
1995). 
A breakthrough in the functional understanding of these snoRNAs 
came with the identification of a large number of new RNAs belonging to 
this family. Kiss-Laszlo et al. employed a cloning strategy which took 
advantage of the 5' monophosphate and 3' hydroxyl termini of intron 
derived snoRNAs (Kiss-Laszlo et al., 1996). They used T4 RNA ligase to 
specifically attach a set of phosphorylated oligoribonucleotide primers to 
substrate RNAs in fractions of HeLa nucleolar RNAs. After primer 
specific reverse transcription and PCR amplification they cloned and 
identified twenty one novel antisense snoRNAs. Nine further RNAs 
were identified using computer algorithms specifically designed to 
identify box C+D snoRNAs in databases (Nicoloso et al., 1996). 
The newly identified RNAs had perfect complementarities of 10 - 
21 nt to 18S or 28S rRNA. In the laboratory of J. P. Bachellerie it was 
noticed that almost all complementaritys select a rRNA region that 
contains at least one 2'-0-methylated nucleotide. Furthermore, T. Kiss 
noted that the proposed Watson-Crick interactions precisely positioned a 
box D (or box-D like) element at the constant distance of five nucleotides 
relative to the site of nucleotide modification (Kiss-Laszlo et al., 1996; 
Figure 1.4). Therefore it seemed possible that the snoRNA-pre-rRNA 
duplex structure defined the site of the nucleotide that will be methylated. 
This model was consistent with the loss of the predicted 2'-O-methylation 
in a yeast strain deleted for the U24 coding region. Furthermore, 
methylation could be restored when U24 was expressed as an intron of the 
yeast actin gene. In order to verify that the positioning of the D or D-like 
box determined the target nucleotide for the methyltransferase reaction 
the functional properties of a mutant U24 snoRNA were analysed. 
Deletion of a residue at the 3' end of the U24 antisense element resulted 
in a relative shift of the box D sequence one nucleotide 5' against the 25S 
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rRNA sequence without disruption of the base pairing ability. As was 
predicted, expression of the mutant snoRNA resulted indeed in 
displacement of the site of methylation by one nucleotide 3' of the site 
directed by wild-type U24 (Kiss-Laszlo et al., 1996). This demonstrated that 
the position of box D in the snoRNA-rRNA duplex determined the site of 
nucleotide methylation. 
Subsequently it was shown that ectopic expression of artificially 
designed snoRNAs in mouse cells were able to precisely guide 
methylation to a novel site, both in the rRNA and in pol I transcribed 
minigene constructs (Cavaille et al., 1996). This system for site-specific 
ribose methylation is therefore conserved among eukaryotes. The 
methyltransferase involved remains to be identified. It is also currently 
unclear how the recognition of the snoRNA-rRNA duplexes is mediated. 
Although box D is a crucial determinant of the site of methylation it is 
unlikely that the methyltransferase directly binds to it since some box 
C+D snoRNAs lack the required base pairing potential with the rRNA 
(Tollervey, 1996b). 
Vertebrate rRNAs are 2'-O-methylated at more than 100 
nucleotides (Maden, 1988; Maden, 1990) and yeast carries approximately 55 
2'-O-methylated nucleotides in its rRNAs (Maden et al., 1995). Since 
several methylation guide RNAs can specify more than one site of 
methylation (e.g. three sites in case of yeast U24) (Kiss-Laszlo et al., 1996) it 
can be predicted that 80 to 90 vertebrate and considerably less yeast box 
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Figure 1.4: Schematic representation of the selection of a methylation 
site by box C+D snoRNAs. 
The antisense element of a certain snoRNA base pairs with a complementary 
region of the pre-rRNA. The nucleotide which is selected for methylation at 
the 2'-oxygen of the ribose mojety is positioned by the resulting snoRNA-
rRNA hybrid exactly fife base pairs from the box D or D' element. The circled 
m indicates the methyle group (from Kiss-Laszlo et al., 1996). 
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The precise functional role of ribose methylation is currently 
unclear. Individual sites of methylation are dispensable in yeast since the 
methylation guide snoRNAs are generally non-essential. Xenopus U18 
snoRNA has been shown not to be required for pre-rRNA processing 
(Dunbar et al., 1996). It has been suggested that the modified nucleotides 
fine-tune the RNA-RNA and RNA-protein interactions within the 
ribosome to improve either ribosome assembly or functional efficiency of 
the ribosome, or both (Tollervey, 1996b). The global inhibition of rRNA 
methylation in a temperature sensitive mutant in the NOP1 gene (nopi-
3) does not appear to interfere with pre-rRNA processing (Tollervey et al., 
1993). However, this mutation is lethal, suggesting that while individual 
2'-O-methyl groups are dispensable the global loss of 2'-O-methylation is 
not tolerated. A mild assembly defect in nopl-3 strains at the non-
permissive temperature may be due to the lack of methylation (Tollervey 
et al., 1993). Nevertheless, it should be significant that all of the modified 
nucleotides are found in conserved core regions of the pre-rRNA (Maden 
and Hughes, 1997). 
1.4 Box H+ACA snoRNAs 
The second major class of snoRNAs, the H+ACA box RNAs, is 
defined by a highly conserved 'hairpin-hinge-hairpin-tail' structure 
(Balakin et al., 1996; Ganot et al., 1997). Figure 1.5 schematically depicts the 
structure of H+ACA RNAs. The conserved hinge sequence element, box 
H (ANANNA; N= any nucleotide) is positioned between two hairpin 
structures. The conserved ACA element is always positioned three nt 
before the 3' terminus of thq RNAs. Box H+ACA snoRNAs lack the long 
sequence elements complementary to mature rRNAs which were found 
for box C+D snoRNAs. Furthermore, H+ACA snoRNAs are not 
associated with fibrillarin, although this has been a long-standing 
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assumption based on immunoprecipitation experiments with affinity-
purified, polyclonal anti-Nopip antibodies (Balakin et al., 1996; 
Schimmang et al., 1989). The anti-Nopip antibodies appeared to be specific 
on Western blots but probably reacted with the CAR-domain of Garip (see 
below) and therefore co-precipitated box H+ACA snoRNAs. Re-
examination of snoRNAs associated with Nopip using an epitope tagged 
Nopip protein for coprecipitation experiments showed that Nopip is 
exclusively associated with box C+D RNAs (Ganot et al., 1997). Two 
essential nucleolar proteins are known to be associated with box H+ACA 
RNAs. Garip was identified in a screen for yeast proteins which contain a 
specific structural element, the CAR (Glycine Arginine Rich) domain 
(Girard et al., 1992). The CAR domain is also found in four other 
nucleolar proteins, i.e. fibrillarin (Schimmang et al., 1989), nucleolin 
(Lapeyre et al., 1987), Ssblp (Jong,  1987), Nsrlp (Lee et al., 1991b) and 
Nop3p (Russell and Tollervey, 1992), its functional significance remains, 
however, elusive. Consistent with a nucleolar function Garip is required 
for pre-rRNA processing in yeast (Girard et al., 1992) and associated with 
all box H+ACA RNAs (Ganot et al., 1997). Moreover, Garip has been 
shown to be required for the global pseudouridylation of rRNAs 
(Bousquet-Antonelli et al., 1997; see below). The putative yeast rRNA 
pseudouridine synthase Cbf5p is also associated with all known H+ACA 
snoRNAs (Lafontaine et al., 1998). This protein was identified on the basis 
of its sequence homology to an E. coli tRNA pseudouridine synthase. All 
characterised H+ACA snoRNAs except U17 and snR30 serve as guide 
RNAs for pseudouridine formation in rRNAs. U17 and snR30 are 
predicted to direct pseudouridine formation at the same target site (T. 
Kiss, personal communication). This site does not, however, appear in 
the vertebrate or yeast rRNA sequences. The substrate, if any, for U17 and 
snR30 therefore remains elusive. Only two, snR30 and snRlO, have been 
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Figure 1.5: Schematic structure of box H+ACA snoRNAs. 
The conserved box H sequence element (ANANNA; N = any 
nucleotide) is positioned in the hinge region between the two hairpin 
structures. Box ACA is always found 3 nt from the 3' end of the RNA. 
Box H+ACA snoRNAs which are transcribed from independent genes 
by RNA polymerase II also contain 5' leader sequences with a 5' termi-
nal TMG cap structure (from Tollervey and Kiss, 1997). 
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1.4.1 snR30 snoRNA 
snR30 is the only essential member of the box H+ACA RNAs in 
yeast. Analysis of a conditional snR30 allele in yeast showed that cellular 
depletion of snR30 inhibits pre-rRNA processing (Morrissey and 
Tollervey, 1993). snR30 is required for pre-rRNA cleavage at sites A 1 and 
A2 and thus 18S rRNA production. Similarly to U3 and U14, snR30 is 
thought to be involved in correct folding of the pre-rRNA substrate, 
possibly by one or several direct Watson-Crick interactions. Consistent 
with this it was possible to specifically crosslink snR30 to 35S pre-rRNA 
(Morrissey and Tollervey, 1993). snR30 lacks extended sequence 
complementarity with the pre-rRNA and the location and nature of the 
interaction is unknown. 
Biochemical isolation of yeast snR30 resulted in the identification 
of seven copurifying polypeptides with 10, 23, 25, 38, 46 and 65 kDa 
molecular masses (Lübben et al., 1995). Only the 25 kDa protein could be 
assigned so far as Garip. snR30 is also associated with Cbf5p, the putative 
rRNA pseudouridine synthase in yeast (Lafontaine et al., 1998). Genetic 
depletion of Cbf5p results in codepletion of snR30 and, therefore, in the 
inhibition of 18S rRNA synthesis. It is currently unclear whether snR30 
also acts as a guide RNA for site-specific pseudouridylation (see above). 
Similar to U14, snR30 could have been recruited to a function in pre-
rRNA processing in addition to serving as a guide RNA. 
1.4.2 snRlO snoRNA 
The second H+ACA snoRNA - required for normal pre-rRNA 
processing is snRlO. Unlike snR30, snRlO is not essential for cell viability, 
snRlO strains are, however, cold-sensitive (Tollervey, 1985). Strains 
deleted for snRlO are partially inhibited in 18S rRNA maturation due to 
delayed processing reactions at sites A 0, Al  and A2, but this phenotype 
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does not appear to be responsible for the growth defect at the non-
permissive temperature (Tollervey, 1987). The pre-rRNA processing 
defect of snRlO strains suggested that this RNA participates also in the 
correct folding of the substrate. This idea is supported by a genetic 
interaction identified between snRlO and Rokip, a putative ATP -
dependent RNA heli case (Venema et al., 1997) which is required for the 
same pre-rRNA processing reactions as snRlO and might cooperate in the 
folding of the pre-rRNA. Interestingly, Rokip was also shown to 
genetically interact with Garip (Venema et al., 1997). 
The nucleolar protein Ssblp has been reported to be associated with 
the snRlO snoRNP (Clark et al., 1990) but this observation could not be 
reproduced both in our group and by others (K. Sharma and D. Tollervey, 
unpublished results; T. Kiss, personal communication). In addition to its 
function in 18S rRNA synthesis snRlO also acts as a guide RNA for rRNA 
pseudouridine formation in the 25S rRNA (see below). It is therefore 
possible that loss of a pseudouridine residue in snRlO strains results in 
misfolding of the pre-rRNA which in turn could explain the observed 
processing defects. However, a mutant form of snRlO with a point 
mutation in the pseudouridine guide region that prevents xy formation in 
the 25S rRNA, is still able to complement the slow growth phenotype of 
an snRlO mutation U. Ni and M. Fournier, personal communication). 
1.4.3 Guide snoRNAs for site-specific rRNA pseudouridine formation 
In mammalian rRNAs approximately 8% of all uridine residues 
are converted post-transcriptionally into pseudouridines which comprises 
the most abundant nucleotide modification in eukaryotic rRNAs (Ganot 
et al., 1997b). Pseudouridines are isomerisation products of uridine. The 
enzymatic steps involved are thought to include cleavage of the N 1-C 1 
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glycosyl bond, rotation of the base and reattachment of the uracil base to 
the ribose through the C 5 and C 1 carbons (Figure 1.6 B; Ni et al., 1997). 
The requirement of H+ACA box snoRNAs for site-specific 
pseudoruridine formation in rRNA was first demonstrated in the 
laboratory of M. Fournier. Primer extension analysis on chemically 
modified rRNA resulted in stops of the extension products at the position 
of a pseudouridine residue. For 10 snoRNAs the authors could show that 
deletion of an H+ACA box RNA resulted in an unmodified uridine 
residue at a site predicted for modification (Ni et al., 1997). These defects 
could then be rescued by reintroduction of the snoRNA into the deletion 
strains showing these RNAs to be required for modifications. 
Since the H+ACA box RNAs lack extensive sequence 
complementarity to the substrate rRNAs the mechanism of site 
determination had to be more complicated compared to the selection of 
methylation sites. T. Kiss and co-workers performed a comparative 
sequence analysis of the human H+ACA snoRNAs to determine 
sequence motifs within the snoRNAs which could form at least four 
consecutive base-pairs with rRNA in the proximity of known 
pseudouridine modifications (Ganot et al., 1997b). The result of this 
computer analysis was that most of the H+ACA snoRNAs possessed two 
sequences of 3 to 10 nucleotides which matched this requirement. These 
short antisense elements occupied the opposite strands of internal loops 
(called the pseudouridylation pocket) in either the 5' or 3' hairpin domain 
(Figure 1.6 A). The modified uridine residue was always positioned as the 
first unpaired nucleotide before the 3' helical segment. The importance of 
these short antisense elements was tested for snR36. Expression of mutant 
snR36 in which the perfect base-pairing potential is disrupted, completely 
abolished pseudouridine formation at U1185 in 18S rRNA (Ganot et al., 
1997b). With this site-selection model it was possible to assign a specific 
snoRNA species to the majority of pseudouridines in both mammalian 
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Figure 1.6: Schematic representation of the selection of a pseudou-
ridylation site by box H+ACA snoRNAs. 
The snoRNAs interact with rRNA through Watson-Crick base 
pairing. The opposite strands of the internal loop structure 
(pseudouridylation pocket), either of the 5' or the 3' hairpin, contain 
short stretches (3 to 10 nt) of sequence complementarity to rRNA. The 
modified pseudouridine ('I') is always found at the first unpaired 
nucleotide following the 5' helical segment (in respect to the snoRNA 
polarity) (from Ganot et al., 1997). 
Conversion of a uridine resdiue to a pseudouridine residue 
involves 1) cleavage of the N 1-C1 glycosyl bond, 2) rotation of the base 
and 3) attachment of the base through the C 5 and C 1 positions (from Ni 
et al., 1997). 
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What is the function of all these pseudouridines? Like the 
methylation guide RNAs all tested pseudouridine guide snoRNAs are 
non-essential in yeast. Even the absence of five H+ACA box snoRNAs 
(snR3, snR5, snR8, snR9 and snRlO) in the same yeast strain did not result 
in growth impairment which was stronger than that observed in strains 
lacking snRlO only (Parker et al., 1988). Since depletion of the H+ACA 
snoRNP specific protein Garip results in impairment of 18S rRNA 
synthesis it might be that this effect can be attributed to the loss of global 
rRNA pseudouridylation which has been observed in the temperature 
sensitive garl-1 strain at the non-permissive temperature (Bousquet-
Antonelli et al., 1997). Depletion of Garip did not destabilise the snR30 
and snR36 snRNPs so it can be excluded that the Garip depletion 
phenotype is indirectly inhibiting pre-rRNA processing due to the loss of 
snR30. Garip is thought to be required as a structural component within 
the H+ACA box snoRNPs to facilitate competent association of the 
snoRNAs with the pre-rRNA substrate since Garip depletion results in 
the loss of snR36-pre-rRNA interaction (Bousquet-Antonelli et al., 1997). 
Loss of Garip might therefore also disrupt the snR30-pre-rRNA 
interaction and thus inhibit processing of the pre-rRNA. 
Depletion of Cbf5p, the putative pseudouridine synthase also 
inhibits 185 rRNA synthesis, presumably because of the co-depletion of 
snR30 (Lafontaine et al., 1998). Furthermore, Cbf5p is required for the 
stability of all H+ACA box snoRNPs since depletion of the protein results 
in underaccumulation of all H+ACA snoRNAs and also Garip. Cbf5p is 
very likely to be the enzyme that performs the isomerisation reactions on 
the uridine residues in rRNAs. This hypothesis is supported by its high 
sequence homology to the E. coli tRNA synthase truB/P35 and inhibition 
of pseudouridine formation in rRNAs subsequent to Cbf5p depletion 
(Lafontaine et al., 1998). 
There is no pseudouridine residue known in rRNAs which 
requires snR30 as a guide snoRNA. It can not be excluded, however, that 
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snR30 also has a function as a guide RNA on an unknown substrate 
(Ganot et al., 1997b). snRlO does serve as a pseudouridylation guide RNA 
and is required for rRNA processing like snR30. A possible function for 
the pseudouridine residues lies therefore in the correct folding and 
assembly of the pre-rRNA substrate complex. 
Isomerisation of uridines to pseudouridines exposes the N that 
normally attaches the base to the sugar mojety and therefore creates a free 
amino group which can form additional hydrogen bond interactions. This 
could have an impact on the overall structure of the rRNA (see 
Lafontaine and Tollervey, 1998b). 
1.5 RNase MRP 
RNase MRP is the only known snoRNP which has enzymatic 
activity and also the only species that does not belong to either the box 
C+D or the box H+ACA classes of snoRNPs. The RNA component of 
RNase MEP was originally identified as 7-2 RNA in the nucleoli of HeLa 
and Novikoff hepatoma cells (Reddy, 1981). Patients with certain 
autoimmune diseases frequently produce autoantibodies against nuclear 
and nucleolar proteins and RNP complexes. Soon after the discovery of 7-
2 RNA it was found that autoantibodies from scleroderma patients 
(designated anti-To/Th sera) frequently recognised a ribonucleoprotein 
particle containing 7-2 RNA and furthermore a particle containing a 
second RNA species, called 8-2 RNA (Reddy et al., 1983). The anti-To 
antibodies were also used to localise the 7-2 ribonucleoprotein in rat liver 
and HeLa cells. This early immunolocalisation experiments identified the 
7-2 RNP in the granular component of the nucleolus and the authors 
suggested therefore a role for the 7-2 RNP in ribosome biogenesis (Reimer 
et al., 1988). 
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RNase MRP was identified independently in experiments designed 
to identify enzymatic activities required for mitochondrial DNA 
replication (hence the name MRP for Mitochondrial RNA Processing). 
Mouse cell extracts were biochemically fractionated and assayed for 
cleavage of an RNA substrate which is complementary to the 
mitochondrial origin of heavy-strand DNA replication (Chang and 
Clayton, 1987b). The RNA component of RNase MRP copurified with this 
activity (Chang and Clayton, 1987a) and was shown to be encoded by a 
nuclear gene (Chang and Clayton, 1989). Autoimmune sera were used to 
immunoprecipitate and sequence the RNA components of the To/Th 
RNPs from HeLa cells and it was found that the originally identified 7-2 
and 8-2 RNAs are identical to the RNase MRP and RNase P RNAs, 
respectively (Gold et al., 1989). This work also indicated that the MRP and 
P RNPs share common autoantigenic polypeptides. A function for RNase 
MRP in mitochondrial DNA replication remains controversial, however, 
since only insignificant amounts of MRP RNA are localised in the 
mitochondria (Kiss and Filipowicz, 1992; Topper et al., 1992; Clayton, 
1994). Nevertheless, the proposed mitochondrial RNA processing activity 
allowed the identification of RNase MRP RNA from many different 
sources including yeast (Schmitt and Clayton, 1992), arabidopsis and 
tobacco (Kiss et al., 1992), Xeno pus (Bennett et al., 1992), rat (Yuan et al., 
1989), mouse (Chang and Clayton, 1989) and human cells (Topper and 
Clayton, 1990). However, MRP RNA was not identified in eubacteria or 
archaebacteria. The length of MRP RNAs differs in different organisms 
from 260 to 340 nucleotides. 
Genetic screens for temperature sensitive yeast mutant strains 
which are defective in pre-rRNA processing also identified RNase MRP 
RNA. Two identical mutant ts alleles of the RRP21NME1 gene were 
isolated independently by two research groups (Shuai and Warner, 1991; 
Lindahl et al., 1992). The mutations were analysed and found to be G->A 
substitutions at position 122 in both rrp2 mutant strains (Chu et al., 1994). 
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Since this mutation did not substantially interfere with MRP RNA 
stability it was concluded that the pre-rRNA processing defect observed in 
the rrp2 mutants is due to loss of catalytic activity of the MRP RNP. It was 
found that 5' extended species of 5.8S rRNA accumulate which contained 
additional 149 nt (Shuai and Warner, 1991; Lindahi et al., 1992). 
Subsequently it was shown that genetic depletion of MRP RNA in a 
conditional yeast mutant strain resulted in underaccumulation of the 
major short form of 5.8S rRNA (5.8S) while the minor long form (5.8S L) 
was not affected (Schmitt and Clayton, 1993). Accumulation of an aberrant 
5.8S species which extends 5' to site A 2 indicated that MRP RNA is 
required for pre-rRNA processing in internal transcribed spacer 1 (ITS1; 
see figure 1.1). 
The analysis of a conditional snR30 mutant strain gave an 
important clue to the understanding of ITS1 pre-rRNA processing in 
yeast. Genetic depletion of snR30 inhibited pre-rRNA cleavage at site A l 
and A2  and as a result of this inhibition aberrant pre-rRNA molecules 
accumulated which extended from the 5' ETS region to a previously 
unidentified cleavage site within ITS1, termed A 3 (Morrissey and 
Tollervey, 1993). Analysis of the A 3 cleavage site in cis revealed that it is 
indeed required for 5.8S synthesis by providing an entry site for the 
Xrnlp and Ratip exonucleases which form the correct 5' end by 
exonucleolytic digestion (Henry et al., 1994). Moreover, mutations of the 
A3  site also resulted in accumulation of the same 5' extended 5.8S rRNA 
as was observed in the rrp2 mutant strains. These data strongly suggested 
that RNase MRP is the transacting endoribonuclease which cleaves the 
pre-rRNA at site A 3. The sequence of the mitochondrial substrate RNA 
showed no clear homology to the sequence surrounding site A 3 (Henry e t 
al., 1994). 
The protein components of the MRP RNP remained ill 
characterised for a long time. Immunoprecipitation experiments using 
anti To/Th autoimmune sera resulted mainly in the co-precipitation of a 
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40 kDa polypeptide from HeLa cell extracts (Rossmanith and Karwan, 
1993). Since a protein of similar size could be crosslinked to MRP and P 
RNAs by UV-light, this 40 kDa-Th antigen was believed to represent a 
common protein subunit of both RNPs (Yuan et al., 1991). The binding 
site of the Th-40 antigen was then further defined to two 5' terminal stem-
loop structures in the human MRP (nt 15 to 86) and P (nt 20 to 75) RNAs 
(Reddy and Shimba, 1996). 
A genetic screen for ts yeast mutant strains which had an altered 
ratio in the 5.8SS:5.8SL rRNAs led to the identification of the POP1 gene 
(Lygerou et al., 1994). POP1 encodes an essential 100 kDa protein which is 
associated with both MRP and P RNA. Consistent with Popip being a 
common component of the MRP and P RNPs, the popi-i ts strain 
underaccumulated 5.8S rRNA and mature tRNAs at the non-permissive 
temperature. Furthermore, 5' extended forms of 5.8S rRNA appeared 
which were shown to result from inhibition of pre-rRNA processing at 
site A3 in ITS1 (Lygerou et al., 1994). On the basis of sequence homology to 
a sequenced human cDNA, the human Popip protein was identified 
(Lygerou et al., 1996b). Human Popip is also associated with MRP and P 
RNA and furthermore, the in vitro translated protein is recognised by 
anti To/Th antisera showing Popip to be an autoantigen (Lygerou et al., 
1996b). 
Multicopy suppression of the rrp2-1 mutation led to the 
identification of the essential SNM1 gene (Schmitt and Clayton, 1994). 
Snmlp was shown to be associated with MRP RNA only and is therefore 
a specific MRP RNP subunit. However, Snmlp has not yet been further 
functionally characterised so far. In this thesis a second shared protein 
subunit (Pop3p) of the yeast ME]? and P RNPs is described which is 
required for the enzymatic activity of both particles in vivo. Two further 
proteins have subsequently been shown to be common to both particles. 
Pop4p was identified as an extragenic suppressor of the rrp2 ts phenotype 
(Chu et al., 1997) and Rpplp was identified as the yeast homologue of a 
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polypeptide copurifying with human RNase P activity (Stoic and Altman., 
1997; see below). Pop4p and Rpplp are associated with both the MRP and P 
RNAs and genetic depletion of these proteins also results in the loss of 
MRP and P activity. In contrast to Pop3p, depletion of either Pop4p or 
Rpplp results in underaccumulation of the MRP and P RNAs, indicating 
that they are required for RNP biogenesis and/or stability. 
Biochemical separation and purification of yeast RNase MRP and P 
using an epitope tagged Popip fusion protein demonstrated the function 
of RNase MRP in pre-rRNA processing (Lygerou et al., 1996). Highly 
enriched MRP fractions faithfully processed synthetic pre-rRNA 
substrates at site A 3 in vitro. Surprisingly it was found that a small 
substrate (141 nt) spanning the A 3 cleavage site was also cleaved by RNase 
P containing fractions. Cleavage occurred, however, 1 nt 3' to the correct 
A3  site. A larger (2.9 kb) pre-rRNA substrate was not cleaved by RNase P 
fractions indicating that the results obtained with the short substrate are 
non-physiological, although the enzyme could clearly accept a pre-rRNA 
region as a substrate. Substrate overlaps between the MRP and P enzymes 
have been observed previously (Potuschak et al., 1993) and are discussed 
in more detail in chapter 6. The functional redundancy of MRP and P in 
vitro is most likely to be due to extensive structural similarities between 
the two enzymes. In addition to common protein subunits the RNA 
components of the two particles share a similar predicted secondary 
structure (Figure 1.7). In particular the presence of an evolutionarily 
conserved 'cage-domain' in MRP and P RNAs raised the possibility that 
the RNA components of all MRP and P enzymes share both a common 
ancestor and function (Forster and Altman, 1990). Since the bacterial 
RNase P RNA is a ribozyme (see below) it can be speculated that the RNA 
component of RNase MRP also plays an active role in catalysis. However, 
attempts to demonstrate this in vitro using naked RNA have been 
unsuccessful (E. Pascolo and D. Tollervey, unpublished results). RNase 
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MRP is therefore likely to depend on the presence of protein-cofactors for 
its catalytic activity. 
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Figure 1.7: Conserved secondary structures of RNase MRP and RNase P. 
Shown are the core regions of S. cerevisiae RNase MRP and RNase P. Con-
served nucleotides are shaded and helices are numbered from Ito V (from 
Reilly and Schmitt, 1996). 
Chapter 1 	 Introduction 
1.6 RNase P 
RNase P is an enzyme that has been identified in all cells and 
organelles which synthesise tRNAs. It is found in all kingdoms of life and 
is responsible for the formation of the mature 5' end of all tRNAs by 
endoribonucleolytic cleavage of precursor tRNAs (reviewed in Altman et 
al., 1993). 
In 1983 it was demonstrated by Altman and coworkers that the 
RNA component of eubacterial RNase P is the catalytic subunit (Guerrier-
Takada et al., 1983). This discovery eliminated the long-standing dogma 
that all enzymes are made of protein. Eubacterial RNase P consists of a 
RNA subunit of 350 to 450 nucleotides and a small basic protein subunit 
of about 120 amino acids ( 15 kDa). The F. coli RNA subunit of RNase P 
(Ml RNA) faithfully matures the 5' end of tRNAs in vitro in the absence 
of any protein. Substrate recognition and catalysis require, however, very 
high M& concentrations or very high ionic strength in the reaction 
buffer to neutralise the repulsive forces of the negatively charged 
phosphate backbones of both enzyme and substrate (Guerrier-Takada et 
al., 1983). It is not surprising therefore that the eubacterial RNase P 
depends on the essential C5 protein in vivo and that catalytic activity is 
strongly increased (20 fold) in the presence of the protein in vitro. CS 
protein does not function only as an electrostatic shield. The protein has 
been implicated in cleavage rate increase by facilitating product release 
(Reich et al., 1988) and by preventing rebinding of mature tRNAs (Tallsjo 
and Kirsebom, 1993) and also as a determinant for cleavage site selection 
(Svard and Kirsebom, 1993). 
The chemical mechanism by which RNase P RNA catalyses the 
cleavage of pre-tRNA5 is still unknown. RNase P cleavage (and also MRP 
cleavage) results in products with 5' phosphate and 3' hydroxyl termini. 
Studies on the divalent metal ion requirement of the reaction suggested 
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that one magnesium ion complexed with six water molecules facilitates 
the nucleophilic attack of a water molecule in solution to hydrolyse the 
phosphate bond at the cleavage site (Guerrier-Takada et al., 1983). 
Alternatively, a crucial hydroxyl group of P RNA could perform the 
nucleophilic attack (Reich et at., 1988). 
RNase P does not act exclusively on tRNA substrates. The 5' end 
maturation of eubacterial 4.5S RNA, which is the homologue of the 
eukaryotic signal recognition particle RNA subunit, requires RNase P 
cleavage (Bothwell et al., 1976) as well as maturation of the eubacterial 
lOSa RNA (Komine et al., 1994). The lOSa RNA functions both as tRNA 
and mRNA in order to release stalled ribosomes from mRNAs without a 
stop codon and furthermore to tag the aberrantly translated proteins for 
degradation (Keiler et al., 1996). It has also been reported that certain 
phage encoded RNAs (Hartmann et al., 1995) and also a polycistronic 
mRNA from Salmonella typhimorium (Alifano et al., 1994) are in vivo 
substrates of RNase P. 
In the light of this broad range of substrates it is an important 
question how RNase P recognises its substrates in a cell. Since mutations 
which disturb tRNA structure affect RNase P cleavage, three dimensional 
elements of the tRNA are likely to be crucial for substrate recognition 
(Altman et al., 1993). The RNase P RNA enzyme makes contacts with the 
T-loop, T-stem and the acceptor stem structures of tRNA substrates. These 
are thought to occur mainly through secondary and tertiary interactions 
between the RNAs, rather than Watson-Crick base pairing (Kirsebom, 
1995). The lack of extensive base-pairing interactions between enzyme and 
substrate is crucial for the catalytic efficiency of the ribozyme since product 
release is the rate-limiting step of the reaction (Altman et al., 1993). Work 
on eubacterial RNase P has been performed almost exclusively on the 
naked RNA, potentially leading to an underestimation of the functional 
importance of the protein subunit in the holoenzyme in vivo. The 
primary sequences of eubacterial RNase P protein subunits are very 
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poorly conserved (generally below 25% identity). Nevertheless it was 
possible to reconstitute the RNase P holoenzyme from heterologous 
components using both E. coli and B. subtilis RNase P components 
(Guerrier-Takada et al., 1983). This demonstrated that the bacterial P 
protein subunits must be conserved in three-dimensional structure and 
function. 
RNase P from eukaryotic cells has been much less studied. The 
RNA subunits from both eukaryotes and archaea have not been shown to 
be catalytic on their own. As is the case for RNase MRP, it is very likely 
that protein subunits took over some crucial functions in the eukaryotic 
and archaeal enzymes, making the proteins indispensable for catalytic 
activity. Four RNase P protein subunits have been identified in yeast 
(Popip, Pop3p, Pop4p and Rppl; see above); a 100 kDa polypeptide 
copurifying with RNase P activity from S. pombe is likely to be a Popip 
homologue (Zimmerly et al., 1993). The yeast RNase P RNA subunit is 
encoded by the essential RPR1 gene and is 369 nt in length (Lee et al., 
1991a). A 5' and 3' extended form of yeast P RNA which is less abundant 
might be a precursor to the major form of P RNA. It remains possible, 
however, that the longer P RNA is also assembled into catalytically active 
RNPs. 
Recently RNase P has been highly purified from HeLa cells, albeit 
not to homogeneity (Eder et al., 1997). At least six polypeptides with 
molecular masses of 14, 20, 25, 30, 38 and 40 kDa copurified with the 340 nt 
human P RNA subunit (Bartkiewicz et al., 1989) and RNase P activity. 
Two of those polypeptides, Rpp30 and Rpp38 were shown to be 
autoimmune antigens which are recognised by sera from scieroderma 
patients. Due to the similar molecular mass, Rpp38 may be identical to the 
previously identified 40 kDa Th-antigen (Yuan et al., 1991). The yeast 
homologue of Rpp30, Rpplp, has been shown to be common to the yeast 
MRP and P RNPs (Stolc and Altman., 1997; see above). This purification 
of human RNase P did not, however, result in enrichment of a protein 
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similar in size to the human Popip protein. Furthermore, hPoplp could 
not be detected by Western blot in the most active fractions using 
antibodies specific for hPoplp. This is in strong contrast to the work by 
Lygerou et al., which showed that hPoplp is associated with both P and 
MRP RNAs in human cells and also represents a Th-antigen (Lygerou et 
al., 1996b). Further work is required to determine whether hPoplp was 
underrepresented due to the employed purification scheme or whether it 
simply degraded strongly after the last purification step. It is controversial 
whether hPoplp is a core-component of the human RNase P holoenzyme 
and it is also possible that hPoplp is required for the function of the 
enzyme in vivo but dispensable for activity in vitro. 
1.7 snoRNA biogenesis 
Both in yeast and vertebrates snoRNAs are generally the product of 
either independent transcription of snoRNA genes or they are derived 
from intronic sequences of a variety of host genes (reviewed in Maxwell 
and Fournier, 1995; Sollner-Webb, 1993). These two modes of snoRNA 
biosynthesis result most characteristically in the formation of 2,2,7-
trimethylguanosine (1MG) capped RNAs for independently transcribed 
genes and in 5'-monophosphate termini in the case of intron derived 
snoRNAs. 
1.7.1 Independently transcribed snoRNAs 
In contrast to vertebrate snoRNAs most yeast snoRNAs are 
transcribed from singly copy genes by poi H. As mentioned earlier, only 
U3 is encoded by two genes (Hughes, 1987) both of which contain an 
intron (Myslinski et al., 1990). The addition of the 1MG cap structure to 
the 5' end of the RNAs indicates that no 5' processing of the primary 
43 
Chapter 1 	 Introduction 
transcripts occurs. An exception are the tandemly transcribed snR190 and 
U14 snoRNAs which require endo- and exonucleolytic processing for 
maturation and therefore do not carry a TMG cap. The snoRNAs are 
matured by the endonucleolytic activity of yeast RNase III which separates 
the pre-snoRNAs (G. Chanfreau 1998, submitted for publication) before 
the 5'->3' exonucleases Xmlp and Ratip form the mature 5' end of the 
RNAs (Petfaiski et al., 1998). So far unidentified 3'->5' exonucleolytic 
activities are expected to form the mature 3' end of both RNA species. 
Plant snoRNAs are often transcribed from polycistronic genes coding for 
both box C+D and box H+ACA RNAs (Leader et al., 1997). The mode of 
processing of the polycistronic pre-snoRNA transcripts is likely to require 
a RNase Ill like endonucleolytic activity and exonucleases to form the 
mature ends of the snoRNAs analogous to the processing of yeast U14 
and snR190. 
In vertebrates only U3, U8 and U18 are known to be transcribed by 
p01 II from independent genes. In addition to TATA box elements, 
snRNA genes' contain two promotor elements which are shared between 
pol II and poi III, the proximal sequence element (PSE) and distal sequence 
element (DSE). In the vertebrate U3 genes these elements are located 30 to 
55 nt (PSE) and 230 to 250 nt (DSE) upstream of the transcription start site 
(Maxwell and Fournier, 1995). 
All analysed plant U3 genes contain both p01 II and pol ifi 
promotor elements but are transcribed by poi III. The distance between the 
TATA box and an upstream sequence element (USE) confers polymerase 
specificity. Insertion of additional 10 bp between the tomato U3 TATA box 
and USE elements switched the promotor specificity from poi Ill to pol II 
(Kiss et al., 1991). The p01 II transcribed tomato U3 RNA was TMG-capped 
and assembled into fibrillarin precipitable U3 snRNPs but did apparently 
not associate with pre-rRNA in a higher order complex required for pre-
rRNA processing. 
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Both vertebrate and plant MRP RNA genes are transcribed by poi Ill 
(Chang and Clayton, 1989; Topper and Clayton, 1990; Kiss et al., 1992) and 
contain a TATA box, a PSE and DSE elements. Yeast MRP RNA is likely to 
be a poi II transcript although, unlike other snoRNAs, it does not undergo 
cap trimethylation (Schmitt and Clayton, 1992). It is therefore possible that 
the MRP RNA genes have different polymerase specificities in different 
organisms, as observed for the U3 genes. 
TMG capped snoRNAs do not follow the biosynthesis pathway of 
the spliceosomal TMG capped snRNAs (Ui, U2, U4 and U5). The later 
acquire a monomethyl cap (m7GpppN) co-transcriptionally and are then 
exported to the cytoplasm where they associate with the common S  
proteins. The binding of the Sm proteins is then followed by rapid 
hypermethylation of the monomethyl cap to produce the TMG cap 
(Mattaj, 1986; Mattaj et al., 1993a). For Xeno pus U3, U8 and U14 it has been 
demonstrated that these RNAs are not exported to the cytoplasm and 
hypermethylation occurs instead in the nucleoplasm (Terns and 
Dahlberg, 1994; Terns et al., 1995). The assembly of functional U3 and U8 
snRNPs is therefore likely to occur either in the nucleus or in the 
nucleolus. 
The box D element of the snoRNAs is required for stability, nuclear 
retention and hypermethylation (Terns et al., 1995). Microinjection of U8 
RNA in the cytoplasm of Xeno pus oocytes showed that both 
hypermethylation and fibrillarin association can occur in the cytoplasm 
and that neither of both is required for nuclear import (Peculis and Steitz, 
1994). Unexpectedly, the TMG cap of U8 RNA had no influence on 
stability, assembly and the function of the U8 snRNP (Peculis and Steitz, 
1994). In contrast, the cap structure of human U3 and U8 snoRNAs 
strongly influences nucleolar localisation in rat kidney cells (Jacobson and 
Pederson, 1998). 
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1.7.2 Intron encoded snoRNAs 
The majority of vertebrate snoRNAs are derived from the intronic 
sequences of pol II transcribed pre-thRNAs. No stable, nucleoplasmic or 
cytoplasmic RNAs are known to follow this biosynthetic pathway and it 
seems that all intron encoded RNAs are involved in some aspect of 
ribosome synthesis. 
The original observation was that mouse U14 snoRNA is derived 
from three introns of the constitutively expressed hsc7O heat shock pre-
mRNA (Leverette et al., 1992). Subsequently, host genes for most 
vertebrate snoRNAs have been identified. All intron encoded snoRNAs 
lack a TMG cap and instead have a 5' mono-phosphate indicating that 
these RNAs are derived by endo- and/or exonucleolytic processing 
reactions. Interestingly, most of the host genes encode either ribosomal 
components or proteins involved in ribosome synthesis. The ribosomal 
proteins Li, L5, S3 and S8 for example are hosts for U18, U21, U15 and 
Xenopus U17 RNAs whereas U20 is derived from a nucleolin intron. 
Furthermore, the U14 host mRNA derived hsc70 protein is localised in 
nucleolus following heat shock (Leverette et al., 1992). Possible exceptions 
to this rule are human RCC1 (the guanosine nucleoside exchange factor 
for the GTPase Ran) which is the host for U17 (Kiss and Filipowicz, 1995). 
The snoRNAs U22 to U27 are derived from the U22 host gene which lacks 
a protein product (see section 1.3.3). The expression of snoRNAs and 
components involved in ribosome synthesis has prompted speculations 
that the choice of host genes has biological significance. Thus it might 
indicate coregulation of various aspects of ribosome synthesis and 
function or, more simply, the choice of genes that are actively transcribed 
in all cells that are active in ribosome synthesis (Sollner-Webb, 1993). 
In order to understand the coordination of expression of snoRNAs 
and their host mRNAs it is crucial to understand the mechanisms by 
which the snoRNAs are matured. It is of particular interest to determine 
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whether the intronic snoRNA and the exon encoded mRNA can both be 
synthesised from the same precursor molecule. Human U17 and U19 can 
be accurately processed from a non-host intron demonstrating that the 
snoRNAs carry all essential signals for their maturation (Kiss and 
Filipowicz, 1995). No evidence for endonucleolytic cleavage could be 
found, and it was proposed that these RNA species are the product of 5'-
>3' and 3'->5' exonucleolytic processing of debranched intronic precursor 
molecules (Kiss and Filipowicz, 1995). Consistent with this U17 synthesis 
was inhibited by capping or circularisation of the precursor and a 
precursor containing two U17 sequences in the same intron gave rise to 
the double U17 transcript. A similar mechanism has been proposed for 
human U15 (Tycowski et al., 1993). In yeast, U24 biosynthesis is 
completely abolished in a strain lacking the gene for the debranching 
enzyme, demonstrating that U24 synthesis depends on the presence of the 
debranched intron-lariat precursor (Petfaiski et al., 1998). In these cases 
pre-mRNA splicing and snoRNA maturation appear not to be mutually 
exclusive events. 
Other snoRNAs are thought to follow a different processing 
pathway. In X. laevis the U16 and U18 RNAs are encoded within introns 
of the ribosomal protein Li (Fragapane et al., 1993; Prislei et al., 1993). In 
vitro experiments employing HeLa cell and oocyte extracts indicated that 
two endonucleolytic cleavage events release a 5' and 3' extended pre-
snoRNA molecule from the pre-mRNA which is then matured by 
exonucleolytic digestion (Caffarelli et al., 1994). In this model snoRNA 
processing is antagonistic to pre-mRNA splicing. Mutant pre-mRNAs in 
which box C and D of the U16 and U18 snoRNAs contained nucleotide 
changes which did not influence the 5'->3' terminal stem structure 
completely abolished endonucleolytic cleavage in oocyte microinjection 
experiments (Caffarelli et al., 1996). In vivo competition experiments 
further showed that a diffusible factor is required for interaction with the 
box C and D elements which is likely also to commit the pre-mRNA to 
47 
Chapter 1 	 Introduction 
snoRNA processing. It has been shown that fibrillarin associates with pre-
mRNA substrates which are subsequently processed. Since fibrillarin does 
not interact with the snoRNA directly (Lübben et al., 1995) a larger 
complex of proteins is expected to regulate the commitment to snoRNA 
synthesis which cannot coexist with the splicing machinery (Caffarelli et 
al., 1996). Recently it has been shown that yeast U18 RNA can be released 
from the EFB1 pre-mRNA by either of the two pathways (Villa et al., 
1998). Inhibition of EFB1 pre-mRNA splicing due to mutations in the 5' 
splice site or branch sequence did not inhibit U18 synthesis (Villa et al., 
1998). Similarly, a yeast strain devoid of the lariat-debranching activity 
was still able to synthesise U18 RNA at a reduced level (- 30%) (Petfaiski 
et al., 1998). The identification of 5' and 3' extended pre-U18 snoRNA in 
the absence of EFB1 splicing indicated that U18 synthesis can occur 
through an alternative pathway including endonucleolytic cleavage of the 
pre-mRNA followed by exonucleolytic digestion (Villa et al., 1998). 
M. 
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2.1 Materials 
2.1.1 Enzymes and Chemicals 
Restriction enzymes and other modifying enzymes were obtained 
from New England Biolabs, Boehringer Mannheim, Promega and 
Stratagene. Standard laboratory reagents were purchased mainly from 
Merck and Sigma, other suppliers were Serva, Gibco BRL and Fluka. 
Reagents which were obtained from specific sources are indicated. 
2.1.2 Culture Media 
E. coli cultures were grown in Luria-Bertani medium (LB): lOg 
bacto-tryptone, 5g bacto-yeast extract, lOg NaCl, adjusted to pH 7.2 with 
NaOH (for 1 litre). Ampicillin was added to media immediately prior to 
use (100 tg/ml). For agar plates, bacto-agar was added to 2% (w/v) prior to 
autoclaving. When using a blue/white colour assay, 40 jil of an x-gal stock 
(20 mg/ml) and 40 p1 of an IPTG stock (20 mg/ml) were spread onto the 
surface of a pre-made agar plate. 
Standard S. cerevisiae growth and handling techniques were 
employed (Sherman, 1991). Yeast strains were grown either in rich (YPD 
and YPGai) or in minimal media (SD and SGal). 1 litre of the following 
media was composed as follows: 
YPD: lOg bacto-tryptone, lOg bacto-yeast extract, 20g glucose; 
YPGa1: lOg bacto-tryptone, lOg bacto-yeast extract, 20g galactose; 
SD: 0.67g yeast nitrogen base (Sigma) without amino acids, 20g glucose 
(Sigma), supplemented with amino acids (Sigma) as required; 
SGal: 0.67 g yeast nitrogen base (Sigma) without amino acids, 20 g 
galactose (Sigma), supplemented with amino acids (Sigma) as required; 
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To make agar plates, bacto-agar was added to 2% (w/v) prior to 
autoclaving. 
For analysis of the effects of Li on growth, yeast strains were grown 
at 30°C in SD minimal medium to mid exponential phase. Cell were 
harvested by centrifugation and resuspended in medium containing 0.2 
M LiC1 with and without methionine (20 mg 11),  nutrients and 
exponential growth was maintained. 
Growth on 5-FOA was tested on synthetic medium agar plates 
containing 0.1% 5-FOA (w/v), uracil (20 mg 11)  and nutrients. 
2.1.3 Bacterial strain 
E. ccli strain XL1-Blue (recAl endATl gyrA96 thi-1 hsdR17 supE44 
relAl lac [F' proAB (Tet')] (Stratagene) was used for 
propagation of all plasmids. 
2.1.4 Yeast strains 
The yeast strains used in this study are shown in table 2.1 
Table 2.1. Yeast strains 
Strain Genotype Reference 
YBD1 MATCi! ade2, ade3, leu2, his3, trpl, ura3, rrp2-1, [pBD 1] This work 
YBD2 MATa ade2, ade3, leu2, his3, tip], ura3, rrp2-1, [pRS425] This work 
YBD3 MATa ade2, ade3, leu2, his3, trpl, ura3, RRP2, [pRS425] This work 
YBD20 MATo ade2, ade3, leu2, his3, trp], ura3, rrp2-1, [pRS425-POP3] This work 
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YBD30 MATci/MATa, ade2-11ade2-1 1 his3-A200Ihis3-4200, leu2-3, 
11211eu2-3, 112, trpl-1/trpl-1, ura3-1/ura3-1, canl-1001canl-100, 
POP31pop3::HIS3  
This work 
YBD32 MATq ade2-1, his3 -4200, leu2-3,112, trpl-1, ura3-1, can]-100, 
pop3::HIS3, [pRS3 14-TRP1-ProtA-POP3]  
This work 
YBD34 MATa, adel -1 00, his4 -519, leu2-3,112, ura3-52, GALJO::pop3 This work 
YBD39 MATa, ade2, ade3, his3, leu2, trp], ura3, rrp2-1 This work 
YBD40 MATa, ade2, ade3, his3, leu2, trpl, ura3 This work 
YBD105 MA Ta. ade2, ade3, leu2, lys2, ura3, hal2-1 This work 
YBD125 MATc ade2, ade3, leu2, his3, trpl, ura3, rrp2-1, xrnl::LEU2 
[pRRP2-URA3-ADE3]  
This work 
YBD127 MATa, ade2-1, his3 -4200, leu2 -3,112, trpl-1, ura3-1, can]-100 This work 
YBD128 MATa, ade2-1, his3 -4200, leu2-3,112, trpl-1, ura3-1, can]-100, 
hal2::HIS3  
This work 
YBD136 MATa ade2, ade3, leu2, lys2, ura3, hal2-1, xrnl::LEU2 [pHAL2- 
URA3]  
This work 
YBD155 MA Ta, ura3-52, trp, leu2-41, his3-4200, ga12, ga14108, 
HIS3:: GAL] O::ProtA::HAL2  
This work 
SL311 MATa ade2, ade3, leu2, his3, trpl, ura3, rrp2-1, s1311, [pBD1] This work 
SL158 MATc ade2, ade3, leu2, his3, trpl, ura3, rrp2-1, hal2-1, [pBD1] This work 
CH 1305 MATa, ade2, ade3, leu2, lys2, ura3 C. Holm (Harvard, 
USA) 
BWG1-7A MATa, adel-100, his4 -519, leu2-3,112, ura3-52 L. Guarente (MIT) 
966-1c MATa, ura3-52, xrnl::URA3, rat]-] (Henry etal., 1994) 
D184 MATa, ade2-1, ura3-52, his3-11, trpl-1, xrnl::URA3 S. Kearsey (Oxford) 
D185 MATa, ade2-I, ura3-52, his3-11, trpl-1 S. Kearsey (Oxford) 
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DAH18 MATa; leu2-A1, ura3-52, his3-,1200, rat]-] C. Cole (Dartmouth, 
USA) 
BSY414 MATa, ura3-52, arg4, leu2-3,112, ade2, trpl-289, popl::TRPI, (Lygerou et al., 
[pRS41 5-ProtA-POP 1] 1994) 
ProtA-NOP 1 MA Ta; ade, leu, trp, lys, ura3, flop]:: URA3, [pUN! 00-ProtA- (Jansen etal., 199 1) 
NOP1]  
YDL401 MA Ta, ura3-52, tip, leu2-,i1, his3-4200, gal2, galzil08 (Lafontaine and 
Tollervey, 1996) 
BMA38 MA Ta/MA Ta, ade2-1/ade2-1, his3-42001his3-4200, leu2- (Baudin et al., 1993) 
3,1 1211eu2-3, 112, trpl-1/trpl-1, ura3-11ura3-1, canl-1001canl-100  
2.1.5 Oligonucleotides and riboprobes 
Oligonucleotides and rib oprobes used in this study are shown in 
table 2.2 
Table 2.2 Oligonucleotides and riboprobes 
Oligonucleotide/ribo- Sequence Remarks 
probe 
20S-2 GCTC1TFGCFCTFGCC complementary to pre-rRNA 5' of 
site A2 
27SA2 CCAGTFACGAAATFCTFG complementary to pre-rRNA 
between sites A2 and A3 
27SA3 ATGAAAACTCCACAGTG complementary to pre-RNA 
between sites A3 and Bi 
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rna2.1 GGCCAGCAA1TFCAAGT complementary to pre-rRNA 5' of 
site C2 
ITS2-5'B AACAGAATGTITGAGAAGG complementary to pre-rRNA 3' of 
mature 5.8S rRNA 
5S CFACFC GGTCAG GCTC complementary to 5S RNA 
5.8S+54 1TFCGCTGCGYFCTTCATC complementary to 5.8S rRNA 
MRP RNA AATAGAGGTACCAGGTCAAG 
AAGC 
complementary to MRP RNA 
P RNA A1TFCrGATAACAACGGTCGG complementary to P RNA 
U3 CUAUAGAAAUGAUCCU complementary to mature U3 
U14 TCACTCAGACATCCTAGG complementary to mature U14 
U24 TCAGAGATC1TGGTGATAAT complementary to mature U24 
snRlO riboprobe (Tollervey etal., 199 1) 
snR30 riboprobe (Tollervey etal., 199 1) 
srtR190 CGTCATGGTCGAATCGC complementary to mature snR190 
tRNAASP GTCGAACCCATAATCTFC. complementary to mature 
Arg  
tRNATrp CCA AACCTGCAACCCTFCGA complementary to mature tRNA 
tRNA 0 UG ACCCAGGGCCTCTCG complementary to mature tRNA 
tRNA° ' GCG TACCACTAAACCACTAGC complementary to mature tRNA 
tRNA c UG CTACCAACTGCGCCATG complementary to mature tRNA 
tRNA GCATCrrACGATACCTG complementary to mature tRNA 
MFA2 GGCGGGATCCCAGAAGAGGCC 
CTFGATFAT 
complementary to MFA2 mRNA 
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2.1.6 Buffers 
Frequently used buffers were composed as follows: 
lOx TBE: 0.9 M Iris-borate pH8.3, 20 mM EDTA 
lOx TAE: 0.4 M Tris-acetate pH 7.5, 20 mM EDTA 
lx TE: 10 mM Tris-HC1 pH 7.6, 1 mM EDTA 
lx TBS: 10 mM Tris-HC1 pH 8.0, 250 mM NaC1 
lx PBS: 140 mM NaCl, 3 mM KC1, 8 mM Na2HPO4 , 1.4 mM KH2PO4, 
20 MM  MgC12 
20x SSC: 3 M NaCl, 0.3 M tn-sodium citrate pH 7.0 
2.1.7 Radionucleotides 
All radiolabelled nucleotides were purchased from Amersham 
(UK): [a-32P]UTP (800 Ci/mmol); [a- 32P]dCTP (6000 Ci/mmol); [y-32P]ATP 
(5000 Ci/mmol); [35S]Methionine (1200 Ci/mmol). 
2.1.8 Plasmids 
The plasmids used in this study are listed in Table 2.3. 
Table 2.3 Plasmids 
Plasmid Description Reference/Remarks 
pBS(KS+) ampr Stratagene 
pRS314 TRP1-CEN (Sikorski and Hieter, 1989) 
pRS316 CEN-LIRA3 (Sikorski and Hieter, 1989) 
pRS415 CEN-LELI2 Stratagene 
pRS416 CEN-URA3 Stratagene 
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pRS425 LELI2-2p Stratagene 
pHT4467 LIRA3-ADE3-CEN (Venema et al., 1995) 
pBD1 RRP2 cloned into pHT4467 construction described in section 
2.2.7.1 
pBD4 (pRRP2) RRP2 cloned into pRS415 construction described in section 
2.2.7.1 
pBD10 (pPOP3) 3.5 kb HindHI fragment from pBD14 this work 
cloned into pRS425 
pBD11 (pSNM1) SNM1-LELI2-2y Schmitt and Clayton 1994 
pBD14 pUN100 based library plasmid (Berges et al., 1994) 
containing POP3 in 3.5 kb Hindu 
fragment 
pBD15 (pPOP1) POPI-LELI2-CEN (Lygerou et al., 1994) 
pBD20 cloning intermediate for ProtA-POP3 construction described in section 
fusion gene, containing POP3 promotor 2.2.9.1 
and two Protein A IgG binding 
domains in pRS314 
pBD23 cloning intermediate to construct construction described in section 
GAL1O:pop3 allele, contains LIRA3 2.2.9.2 
marker and GAL1O promotor fused to 
POP3 promotor in pBS(KS+) 
pBD25 POP3 ORF cloned in frame into pBD20 construction described in section 
to generate ProtA-POP3 fusion gene 2.2.9.1 
pBD26 3.5 kb HindIll fragment from pBD14 this work 
cloned into pRS316 
pBD27 POP3 ORF cloned into pBD23, contains construction described in section 
fragment for integration of 2.2.9.2 
GAL1O:pop3 allele 
pBD36 pUN100 based library plasmid (Berges et al., 1994) 
containing HAL2 
pBD38 (pHAL2) 2.3kb Sad - Spel fragment of pBD36 this work 
in Sad - Spel site of pRS316 
pBD45 2.3kb Sad - Spel fragment of pBD36 this work 
in Sad - Spel site of pRS415 
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2.2 Methods 
2.2.1 Bacterial techniques 
2.2.1.1 Preparation of competent cells 
Cells were prepared for electroporation by the following procedure. 
An overnight culture was used to inoculate 1 litre of LB-ampicillin and 
the culture was grown to an 0D 600 of 0.5 to 0.8. The flask was chilled on ice 
for 30 min and the cells harvested at 4°C. The cells were washed 
successively with 1 litre ice-cold water, 0.5 litre ice-cold water and 20 ml 
10% glycerol and resuspended in a final volume of 2 to 3 ml in 10% 
glycerol. The cells were frozen in 50 j.tl aliquots on dry ice and stored at - 
80°C until required. 
2.2.1.2 Electroporation of competent cells 
An aliquot of frozen cells was slowly thawed on ice and DNA in a 
volume not greater than 5 tl was added. The mixture of cells and DNA 
was transferred to a chilled 0.2 cm electroporation cuvette. The Gene 
Pulser (Bio-Rad) was set to capacitance 25 j.tF, 2.5 kV and 200 Ohm and one 
pulse was delivered. 1 ml of LB was added immediately, the cells were 
resuspended with a pipette and transferred to a sterile tube. The cells were 
incubated at 37°C for 1 hour and appropriate aliquots were plated on 
selective plates. 
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2.2.2 Yeast techniques 
2.2.2.1 Transformation of Yeast 
Yeast strains were transformed using a lithium acetate method 
(Gietz et al., 1992). An overnight yeast culture was grown to an 0D 600 of 
1.0. The cells were diluted to OD 0 of 0.1 in 50 ml medium and grown to 
an 0D600 of 0.5 (10 cells/ml). After harvesting, the cells were washed with 
50 ml sterile water, centrifuged again and resuspended in 1 ml of water. 
Then the cells were washed in 1 ml of LiT (10 mM Tris-HC1 pH 7.5, 1 mM 
EDTA, 100 mM LiOAc). The cells were centrifuged again and resuspended 
in 0.3 ml of LiT. Then 1 to 5 pg of transforming DNA was added to 50 t1 
of yeast suspension, as well as 0.3 ml fresh PEG solution (40% PEG 4000 in 
LiT). The suspension was thoroughly mixed and incubated at 30°C with 
constant shaking for 30 mm. Then the cells were heat shocked at 42°C for 
15 min without shaking, centrifuged for 5 sec and resuspended in 1 ml 
sterile water. Appropriate volumes were then plated on selective plates 
and incubated at the appropriate temperature. 
2.2.2.2 Recovery of plasmids from yeast into E.coli 
This method was performed according to (Robzyk and Kassir, 1992). 
3 ml of saturated yeast culture grown under selective conditions were 
harvested and resuspended in 0.1 ml of STET (8% Sucrose, 50 mM Tris-
HC1 pH 8.0, 50 mM EDTA, 5% Triton X100). 0.2 g of 0.45 mm glass beads 
were added and the suspension was vortexed for 5 mm. Then additional 
0.1 ml of STET were added, briefly vortexed and boiled for 3 mm. After 
brief cooling on ice the suspension was centrifuged at 4°C for 10 mm. ioo 
tl of the supernatant were then transferred to a fresh tube containing 50 
.tl of 7.5 M ammonium acetate. After incubation for 1 hour at -20°C, the 
solution was centrifuged again for 10 min at 4°C. Then 100 jil of the 
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supernatant were added to 200 j.tl of EtOH, incubated for 1 hour at -20°C 
and centrifuged for 30 min at 4°C. The pellet was washed once with 70% 
EtOH and then resuspended in 20 jil H20. 2 jil of DNA was used for 
electroporation. 
2.2.2.3 Isolation of mutant yeast strains which are synthetic lethal with 
rrp2-1 
Before mutagenesis, the YBD1 strain was grown in liquid medium 
(SD-ura) to OD600nm of about 0.6. Approximately 1x10 6 cells were plated on 
YPD (4% glucose) plates, UV-irradiated (X = 254nm) for 40 s and incubated 
at 24°C for 7 to 10 days. About 1x105 cells survived the mutagenesis 
(-10%), most of which exhibited a sectoring phenotype. For the first 
twenty four hours, incubation was in the dark in order to inactivate the 
photoreactivation repair pathway. One thousand non-sectoring red 
colonies were initially picked and streaked on YPD (4% glucose). A red 
phenotype was retained in 332 strains when restreaked on the same 
medium. True plasmid-dependent growth of those strains was then tested 
by plating the 332 strains on medium containing 5-fluoro-orotic acid (5-
FOA, 0.1% (w/v)). Twenty one strains did not grow on 5-FOA, 
demonstrating plasmid dependence. After test transformations with 
plasmids pRS415-LEU2-RRP2 and pRS415, 15 red synthetic lethal mutants 
remained. Test transformation with pRS415-LEU2-POP1 did not restore 
sectoring in any of the sl strains, whereas transformation of the si strains 
with pMES194-LEU2-SNM1 (Schmitt and Clayton, 1994) restored sectoring 
in 14 out of 15 strains. 
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2.2.3 Recombinant DNA techniques 
Standard recombinant DNA techniques were carried out according 
to (Sambrook et al., 1989). This includes agarose gel electrophoresis of 
DNA, ethidium bromide fluorescence, phenol/ chloroform extraction, 
alcohol precipitation, restriction endonuclease digestion, 
dephosphorylation of DNA and ligation of DNA fragments. DNA 
fragments for ligation were gel purified using the Quiagen gel extraction 
kit according to the suppliers instructions. 
2.2.3.1 Piasmid preparation 
Small scale preparations of DNA were performed essentially as 
described in (Sambrook et al., 1989). 2 ml LB-ampiciliin was inoculated 
from a single E. coli colony and incubated overnight at 37°C with shaking. 
1.5 ml of this culture was harvested and resuspended in 0.1 ml water. 
Then 0.2 ml of freshly prepared solution A (0.2 M NaOH, 1% (w/v) SDS) 
was added and the cells lysed by gentle inversion and incubation for 5 
min at RT. Then 150 ji.l of solution B (3 M sodium acetate, pH 5.3) was 
added and mixed be inversion and placed on ice for further 5 mm. The 
cell debris was removed by centrifugation for 5 min in a benchtop 
centrifuge, the supernate was transferred to a fresh tube and mixed with 1 
ml EtOH. After centrifugation at 4°C for 30 mm, the pellet was washed 
once with 70% EtOH and resuspended in 50 jil RNase A solution (0.5 
mg/mi in water). Plasmids were stored at - 20°C. Larger quantities of 
plasmid DNA were obtained (essentially by the same method) using the 
Qiagen plasmid preparation kit and following the manufacturers 
instructions for midi/maxi preparations. 
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2.2.3.2 DNA sequencing 
Dideoxy sequencing was employed to sequence DNA constructs 
(Sanger et al., 1977). All sequencing reactions were performed on double 
stranded plasmid DNA using the United States Biochemical (USB) 
Sequenase kit and following the manufacturers instructions. 
2.2.3.3 Polymerase Chain Reaction 
PCR was employed to amplify regions of the yeast genome for 
cloning, to produce recombinant constructs, to generate DNA fragments 
for use as a probe and to identify recombinants. All applications followed 
the general protocol described below, or modifications upon it. 
PCR reactions in a volume of 50 to 100 j.tl contained 1.5 mM MgC1 21  0.2 
mM of each dNTP, 0.25 jiM of two oligonucleotide primers, lx of the 
supplied reaction buffer, 10 U/ml thermostable polymerase and template 
DNA. The reactions were overlaid with mineral oil and subjected to 
temperature cycling in a Hybaid Thermal Reactor (Biometra). A typical 
temperature profile was: 
95°C for 5 mm, 1 cycle 
94°C for 1 mm, 45°C for 1 mm, 72°C for 2 mm, 30 cycles 
72°C for 10 mm, 30°C for 5 min, 1 cycle. 
2.2.3.4 Polyacrylamide gel electrophoresis 
Standard PAGE techniques were employed (Sambrook et al., 1989). 
Gels were normally 6 - 8 % acrylamide-bis-acrylamide (30:1 cross-linking), 
8.3 M urea, lx TBE. Sequencing gels were 40 cm long and 0.4 mm thick; 
gels for separating low molecular weight RNAs were 20 cm long and 1.5 
mm thick. Following electrophoresis sequencing gels were dried on 
whatman 3MM paper before exposure to X-ray film. 
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2.2.4 DNA techniques 
2.2.4.1 Preparation of total genomic yeast DNA 
50 ml of a yeast culture was grown to saturation, harvested and 
washed once with 50 ml of water. The cell pellet was then resuspended in 
0.5 ml of water and mixed with 0.2 ml of the following solution (2% 
Triton X100, 1% SDS, 100 mM NaCl, 10 mM Tris-HC1 pH 8.0, 1 m M 
EDTA). 0.3 ml of phenol /chloroform were then added as well as 0.3 g glass 
beads. The suspensions were then vortexed for 3 min and centrifuged for 
5 mm. The supernatant was mixed with 1.2 ml EtOH and incubated at - 
20°C for 10 mm. After centrifugation for 30 min at 4°C the pellet was 
resuspended in 0.4 ml water. 40 .tl of RNase A (10 mg/ml in water) were 
added and incubated at 37°C for 40 mm. The solution was 
phenol/ chloroform extracted twice and 40 pil of 3 M NaCl were added to 
the final aqueous phase. After addition of 0.8 ml EtOH the DNA was 
pelleted and resuspended in 20 jil H20. 2 jil of this genomic DNA 
preparation was generally used for a restriction digest for Southern 
analysis. 
2.2.4.2 Southern blotting 
Following the restriction digest chromosomal DNA was separated 
on 1% agarose gels. The gels were then washed in water for 10 mm, 
followed by a 20 min depurination step in 0.25 M HC1. This was followed 
by a 30 mm denaturation step in 0.5 M NaOH and additional washing for 
5 min in water. The gels were finally neutralised in 0.5 M Tris, 1.5 M NaC1 
and transferred onto Hybond N nylon membranes in 2x SSC (0.3 M NaCl, 
30 mM tn-sodium citrate pH 7.5) by capillary action, as described in 
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Sambrook et al. (1989). After transfer the DNA was crosslinked to the 
membrane by exposure to UV light in a UV Stratalinker (Stratagene). 
2.2.4.3 Random prime labelling of restriction fragments 
Southerns were generally hybridised with random primed probes 
produced either from purified restriction fragments or purified PCR 
products. To generate internally 32P labelled DNA fragments the Promega 
Prime-a-gene Kit was used according to the manufacturers instructions. 
2.2.4.4 Southern hybridisation 
Nylon membranes were pre-hybridised at 37°C in 50% formamide, 
5x SSPE, 5x Denhardts solution, 1% SDS and 200 j.tg/ml Salmon Sperm 
DNA. The random primed probes were denatured by boiling immediately 
before addition to the pre-hybridisation. Hybridisation was then carried 
out overnight at 37°C. The membrane was washed twice in lx SSPE for 5 
mm, once in lx SSPE for 20 min and once in 0.1x SSPE/ 0.1% SDS for 20 
min at RI. Depending on the signal to noise ratio the final washing step 
was repeated at higher temperatures (up to 65 0C). The membranes were 
then wrapped in saran wrap and exposed to X-ray film. 
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2.2.5 RNA techniques 
All solutions used for the analysis of RNA were either treated with 
diethyl pyrocarbonate (DEPC) or made with the use of DEPC-treated water 
in order to inactivate RNase. 0.1% (v/v) DEPC was added to the solution 
and stirred for 1 hour, prior to autoclaving. 
2.2.5.1 RNA extraction 
RNA extraction was essentially as described (Tollervey and Mattaj, 
1987). 20 0D600  of exponentially growing cells were harvested. 200 pJ GTC 
mix (4 M Guanadinium Thiocyanate, 0.1 M Tis-HC1 pH 7.5), 200 jil of 
phenol and 400 il glass beads were added and the mixture vortexed for 5 
min at 4°C. 1.5 ml of GTC mix and 1.5 ml phenol were added and the tube 
was incubated at 65°C for 5 mm. 1.5 ml CHC1 3 and 0.8 ml NaOAc mix (100 
mM NaOAc in lx TE) were added. The tube was centrifuged and the 
supernatant extracted once with phenol/CHC1 3 and once with CHC13 
before the RNA was precipitated with 3 volumes of ethanol. The pellet 
was washed with 70% EtOH, briefly air-dried and resuspended in H 20. 
This procedure was scaled up or down as appropriate to the experimental 
requirements. 
2.2.5.2 RNA gel electrophoresis and Northern blotting 
Polyacrylamide and agarose gel electrophoresis were performed as 
has previously been described (Sambrook et al., 1989). 
Low molecular weight RNAs were separated on 6, 8 or 10% 
polyacrylamide urea gels (lx TBE). The gels were stained with ethidium 
bromide in 0.5x TBE and transferred to Hybond N (Amersham) 
membranes by electroblotting in 0.5x TBE buffer. 
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High molecular weight RNAs were separated on an agarose 
formaldehyde gel (1.2% agarose, 6% fromaldehyde, lx Hepes). The gels 
had lx Hepes (50 mM Hepes, 1 mM EDTA, pH 7.8) as the running buffer 
and were run overnight (16 hours at 60 V) with circulation of the buffer. 
After migration was complete the gel was rinsed with water and washed 
for 20 min in 75 mM NaOH to hydrolyse the RNA, twice washed for 15 
min with 0.5 M Tris/ 1.5 M NaCl to neutralise the gel and washed for 20 
min with lOx SSPE. The RNA was then transferred in lOx SSPE, by 
capillary action to a Hybond N membrane (Amersham). The loading 
buffer for polyacrylamide gels was 47% formamide, 10 mM EDTA, 0.025% 
bromophenol blue, 0.025% xylene-cyanol and for the agarose gels was 50% 
formamide, 6% formaldehyde, 0.1x Hepes, 0.025% bromophenol blue, 
0.025% xylene-cyanol and 0.2 mg/ml ethidium bromide. 
2.2.5.3 Hybridisation of Northern blots 
The membranes were hybridised with either 5' end-labelled 
oligonucleotides or with continuously labelled riboprobes. The 
oligonucleotides used are listed in section 2.1.5. 10 pmol of 
oligonucleotide was labelled in a 15 il reaction containing 70 mM Tris- 
HC1 pH 7.5, 10 mM MgC12, 10 mM DTT, 4 pmol [y-32P]ATP, 10 U 
polynucleotide kinase (Stratagene) at 37°C for 30 mm. The filter was pre-
hybridised for 30 min at 37°C in 6x SSPE, 5x Denhardts solution, 0.5% SDS, 
200 gg/ml Salmon Sperm DNA. The labelled probe was then added to the 
hybridisation mix and hybridised overnight at 37°C. Following 
hybridisation, the filter was washed twice at RT with 6x SSPE and once at 
45°C. According to the Tm of the oligonucleotide the stringency of the last 
wash was varied by changing the temperature. Then the membranes were 
wrapped in saran-wrap and exposed to X-ray film. 
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2.2.5.4 Primer extension analysis 
Primer extension analysis was performed as previously described 
(Beltrame and Tollervey, 1992). 4 pmol of the oligonucleotide primer was 
incubated in a volume of 10 .d in 70 mM Tris-HC1 pH 7.6, 10 mM MgC1 2, 
10 mM DTF, 12 pmol [y-32P]ATP, 2 U polynucleotide kinase (Stratagene) 
for 30 mm at 37°C. The kinase was heat-mactivated by heating to 65°C for 
5 min and the oligonucleotide precipitated by the addition of 20 p.g 
glycogen, NH4OAc to a concentration of 2 M and 2 volumes of ethanol. 
The precipitated oligonucleotide was washed with 70% ethanol, briefly 
air-dried and resuspended in 40 p.1 of water. ip.l of the labelled 
oligonucleotide was incubated with the template RNA in 300 mM NaCl, 
10 mM Tris-HC1 pH 7.5, 2 mM EDTA pH 8.0 in a volume of 10 p.1, 
denatured at 80°C for 2 min and annealed at 46°C for 90 mm. 40 p.1 of pre-
warmed buffer (1.25 mM dATP, 1.25 mM dTUP, 1.25 mM dCTP, 1.25 m  
dGTP, 12.5 mM DTT, 12.5 mM Tris-HC1 pH 8.4, 7.5 mM MgC12), 30 U 
RNasin (Promega) and 7.5 U AMV reverse transcriptase (Stratagene) were 
added and the reaction incubated for 30 min at 46°C. The reaction was 
stopped by addition of 50 mM EDTA, 100 mM NaOH and incubation at 
55°C for 1 hour. The NaOH was neutralised by adding HC1 to a 
concentration of 100 mM and the DNA precipitated with ethanol. The 
pellet was washed once with 70% ethanol, air-dried briefly, resuspended 
in loading buffer and run on a DNA sequencing gel. The same 
oligonucleotide, which had been phosphorylated with unlabelled ATP, 
was used to obtain a sequence ladder which was run alongside the primer 
extension sample to enable the positions of primer extension stops to be 
determined. 
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2.2.5.5 In vitro transcription and purification of RNA 
RNA transcripts were prepared from 1 ig of linearised plasmid 
DNA in a 25 p.1 reaction containing 40 mM Tris-Ci pH 7.9, 6 MM  MgC121  10 
mM DTT, 2 mM spermidine, 0.4 mM of each ATP, GTP and CTP, 0.12 mM 
UTP, 3 p.1 [a-32P]UTP, 20 U RNasin (Promega) and 20 U T3, T7 or SP6 RNA 
polymerase (Promega). After incubation for 1 hour at 37°C an equal 
volume of RNA loading buffer (deionised formamide 90%, 100 mM Tris-
Cl pH 7.5,0.025% bromophenol blue, 0.025% xylene-cyanol, 1 mM EDTA 
pH 8.0, 0.05% SDS) was added to the reaction, the samples were heated to 
65°C for 15 min and loaded on denaturing polyacrylamide urea gels. The 
bands corresponding to the full length transcript were excised and the 
RNA eluted from the gel overnight at RT with lx PK buffer (100 mM Tris-
HC1 pH 7.5, 12.5 mM EDTA pH 8.0, 150 mM NaCl, 1% SDS). The aqueous 
phase was subsequently extracted twice with phenol/CHC1 3 and the RNA 
precipitated by adding half a volume 7.5 M NH 40Ac and 2.5 volumes of 
ethanol and incubating for 1 hour at -20°C. After centrifugation the pellet 
was washed once with 70% ethanol, dried and resuspended in 20 p.1 water. 
Unlabelled transcripts were prepared from 1 p.g linearised plasmid in a 50 
p.1 reaction containing 40 mM Tris-Ci pH 7.9, 6 mM MgCl,, 10 mM DTT, 2 
mM spermidine, 0.5 mM each ATP, GTP, CTP and UTP, 40 U RNasin 
(Promega) and 40 U T3, T7 or SP6 RNA polymerase (Promega). After a 1 
hour incubation at 37°C, 10 U of DNase (RNase free, Promega) was added 
and incubated for 15 min at 37°C. After extraction with phenol/CHC1 3 the 
unincorporated nucleotides were removed with a Sephadex G50 spin 
column and the RNA was precipitated with ethanol. The quality of the 
transcripts was verified on mini polyacrylamide/urea gels and staining 
with stains-all (Sigma). Transcripts to be used for in vitro translation were 
prepared similarly, with the exception that the amount of GTP was 
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decreased to 0.05 mM and GpppG was added at 0.5 mM final concentration 
in order to generate capped transcripts. 
2.2.5.6 In vitro RNA binding assays 
In vitro RNA binding assays were performed essentially as 
previously described (Boelens et al., 1991). 8 p.1 KHN buffer (100 mM KC1, 
20 mM Hepes-KOH pH 7.9, 0.05% NP-40) was mixed with 1 p.1 20ng/p.1 
biotinylated RNA (in a solution containing 2 p.g/p.l E. coli tRNA) and 
with 1 to 2 p.1 in vitro translated Pop3p protein (radiolabelled). After 
incubation for 60 min at 25°C the mixture was diluted with 500 p.1 KHN 
buffer and transferred to a vial containing 15 p.l packed streptavidin beads 
(Boehringer Mannheim) pre-washed with KHN buffer. The solution was 
mixed for 90 min by rotating the tubes end over end at RT. The beads 
were pelleted by centrifugation, the supernatant aspirated and the pellet 
washed three times by rotating for 1 min with 1 ml KHN buffer. The final 
bead-pellet was resuspended in 20 p.1 SDS sample buffer and heated to 
100°C for 5 mm. After brief centrifugation, the supernatant was loaded 
onto a SDS-polyacrylamide gel. After electrophoresis the gel was 
incubated with 40% methanol, 10% acetic acid for 30 mm, followed by 
treatment with Entensify (NEN, Boston, USA) according to the 
manufacturers instructions. The gels were dried for 2 hours at high 
temperature and exposed to X-ray film at -80°C for 1 to 3 days. 
2.2.5.7 In Situ oligonucleotide hybridisation 
In Situ hybridisation was performed essentially as described by 
(Amberg et al., 1992). Yeast cells were grown to an 0D 600 of 0.5 to 1.0. 5 ml 
of cells were harvested and resuspended in 5 ml of fixing buffer (0.1 M 
KPO4, 4% formaldehyde) followed by incubation for 90 min at RT on a 
rotating wheel. The cell were then washed twice with 0.1 M KPO 4 and 
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once with 0.1 M KPO4, 1.2 M sorbitol (wash buffer) and resuspended in 1 
ml of wash buffer and stored up to 18 hours at 4°C. 
Spheropiasts were produced by incubating the cells in wash buffer 
containing 0.5 mg of 100 T zymolyase for 30 to 45 min at 30°C followed by 
one wash with wash buffer. The cell pellet was then resuspended in 200 Al 
of wash buffer and attached to pre-coated poly-lysine coverslips. Non-
adherent cells were removed by aspiration and the coverslips were 
plunged into methanol at -70°C for 6 min followed by acetone treatment 
at -70°C for 30 sec. Afterwards the coverslips were dried on the bench for 1 
hour. 
Then the cells were pre-equilibrated in fresh 0.1 M triethanolamine pH 8.0 
for 2 min at RT, followed by a blocking step in 0.1 M triethanolamine, 
0.25% acetic acid anhydride for 10 min at RT. 
Afterwards the cells were incubated for 5 min in 2x SSC and 
prehybridisation buffer (50% fromamide, 10% dextran sulphate, 4x SSC, 
0.02% polyvinyl pyrrolidone, 0.02% BSA, 0.02% Ficoll-400, 125 p.g/ml of 
E.coli tRNA, 0.5 mg/mi salmon sperm DNA) for 1 hour at 37°C in a 
humid chamber. 
Hybridisation was performed overnight with 0.1 pmol (1.67 pg/ml) of 
FITC labelled oligo d(T) by placing 40 xl of this solution carefully on the 
coverslip. The petri dish was wrapped with parafilm. 
Then the cells were washed with 5 ml 2x SSC for 1 hour at RT, 5 ml lx 
SSC for 1 hour at RT, 5 ml 0.5x SSC for 30 min at 37°C and 5 ml 0.5x SSC 
for 30 min at RT. 5 tl of Hoechst-dye were added to the last wash 3 mm 
before the end of the incubation. The edge of each coverslip was then 
blotted dry and the coverslips were mounted on a slide with 3 p.1 of 
movio 1. 
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2.2.6 Protein and immunological techniques 
2.2.6.1 SDS Polyacrylamide electrophoresis and Coomassie staining 
Proteins were separated on polyacrylamide gels containing SDS as 
described by (Laemmli, 1970). Samples were denatured by adding an equal 
volume of protein loading buffer (125 mM Tris-HC1 pH 6.8, 200 mM DTT, 
4% SDS, 40% glycerol, 0.025% bromophenol blue), heating to 100°C for 5 
min and centrifuging for 30 sec. Gels were casted and run in a Bio-Rad 
minigel system. The SDS gels were stained to visualise proteins by 
submersing in Coomassie staining solution (25% methanol, 10% acetic 
acid, 0.05% Coomassie Brilliant Blue G) and incubating at RT overnight. 
Gels were destained with 10% acetic acid at RT until the background was 
clear. 
2.2.6.2 Western Blotting 
Following separation of proteins by SDS-PAGE the proteins were 
transferred to a nitro-cellulose membrane (Schleicher & Schuell) in a 
Semi-Dry blot apparatus (Bio-Rad). 
The gel was assembled on the nitro-cellulose membrane between 3 layers 
of whatman paper on each side, soaking the blot in transfer buffer (25 m M 
Tris base, 40 mM glycine, 0.05% SDS, 20% methanol) and taking care to 
avoid and remove air bubbles. Transfer was performed at 200 mA for 2 
hours. After transfer the membrane was blocked with 5% low-fat dried 
milk (w/v) for 1 hour at RT. 
Depending on the protein to be detected the blot was decorated with 
different immunological reagents. For the detection of ProtA-tagged 
proteins the membrane was incubated with a 1:1000 dilution of rabbit IgG 
coupled to horseradish peroxidase-anti-peroxidase (PAP, Sigma). After 
incubation for 2 hours at RT the blot was washed four times with PBS and 
WE 
Chapter 2 	 Materials and Methods 
proteins were detected using the enhanced chemiluminescence (ECL) kit 
(Amersham), following the manufacturers instructions. 
2.2.6.3 Preparation of yeast extracts 
Yeast cells were grown in 100 ml YPD to mid-exponential phase 
(0D600 0.5 to 1.0). Cells corresponding to a total of 50 OD 6 were harvested 
by centrifugation, washed once with 50 ml of water and once with 5 ml of 
buffer A (10 mM K-Hepes pH 7.9, 10 mM KC1, 1.5 mM MgC1 2, 0.5 mM 
DTT, 0.5 mM PMSF, 2 mM Benzamidine, 0.5 j.tg/ml Leupeptine, 1.4 
jig/ml Pepstatin A, 2.4 jig/ml chymostatin, 17 jig/ml Aprotinin). The cell 
pellet was resuspended in 1 ml buffer A and transferred to a 15 ml corex 
tube. Approximately 750 jil of acid-washed and siliconised glass beads 
were added and the cells were lysed by vortexing four times 30 sec with 30 
sec intervals on ice. The lysate was centrifuged 5 min at 5 krpm to pellet 
the glass beads and any unbroken cells. The lysate was then transferred to 
polycarbonate tubes for rotor TLA 100-2 (Beckman). After centrifugation at 
56 krpm for 20 min the cleared extract was removed from under the 
floating lipid layer and transferred to dialysis tubing. Dialysis against 1 
litre of Buffer D (20 mM K-Hepes pH 7.9,50 mM KC1, 0.2 M EDTA, 0.5 mM 
PMSF, 20% Glycerol, 2 mM Benzamidine, 17 jig/ml Aprotinin) was 
carried out for 60 min at 4°C. The dialysed extract was aliquoted, quick 
frozen in liquid nitrogen and stored at -80°C. 
2.2.6.4 Immunoprecipitation 
ProtA-tagged yeast proteins were precipitated using total rabbit IgGs 
immobilised on agarose (Sigma; Lygerou et al., 1994). 20 jil of a 50% 
suspension of rabbit IgG agarose beads were washed three times in IPP150 
(150 mM NaCl, 10 mM Tris-HC1 pH 8.0, 0.1% NP-40) and then added to 30 
0D600 equivalents of extract, brought to 400 p.1 in IPP150. After incubating 
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for 2.5 hours at 4°C on a rotating wheel, the IgG pellets were washed four 
times with 1 ml of IPP150. The RNAs were extracted from the pellets by 
adding 400 jil of proteinase K buffer (100 mM Tris-HC1 pH 7.5, 12.5 m  
EDTA pH 8.0, 150 mM NaCl, 1% SDS), 4 p1 Proteinase K (20mg/mi, 
Sigma) and 20 p.g of Ecoli tRNA as carrier. After three phenol/CHC1 3 
extractions, the RNAs were precipitated with ethanol. 
2.2.6.5 In vitro translation 
In vitro translations were performed as previously described, 
(Boelens et al., 1991). 35S-labelled Pop3p protein was made in wheat germ 
extract (WGE, Amersham, UK) by translation of the in vitro transcribed 
mRNA. 200 ng mRNA was incubated in a total volume of 30 p1 
containing 15 p1 WGE, 120 mM potassiumacetate, 67 RM each of 19 amino 
acids (minus methionine) together with 30 pCi L-[35S]methionine  for 1 
hour at 30°C. 
2.2.6.6 In vitro exonuclease assays using purified Xrnlp and Ratip 
Xmlp was purified according to the procedure (Johnson and 
Kolodner, 1991) and Ratip was purified as described (Stevens and Poole, 
1995). The exonuclease assays were carried out as described for 
determination of the reaction specificity of Ratip (Stevens and Poole, 
1995). The reaction mixtures (50 jil) contained 4nmol (as nucleotide) of 
[3H]poly(A) (8,5 x 104 cpm), 33mM Tris-HC1, pH 8.0, 2mM MgCl2, 0.5 m M 
DTT, 30jig of acetylated albumin, and an amount of Xrnlp or Ratip to 
give 15 - 30% hydrolysis of the poly(A). Nucleotides (pAp, pUp, pCp, 3' 
AMP, 5' AMP, ATP, ADP) which were included in the reactions to test for 
inhibition of exonuclease activity were from Sigma. pApS is 60-80% pure 
and described as unstable at room temperature. The mixtures were 
72 
Chapter 2 	 Materials and Methods 
incubated at 37°C for 10 mm. Activity was determined by measurement of 
acid-soluble label released. 
[3H]RNA was prepared using the T7 Ribo-Max high 	level RNA 
production system with the luciferase control DNA (Promega) as the 
template and [3H]UTP (ICN). The triphosphate-ended RNA was then 
hydrolysed with tobacco acid pyrophosphatase (Epicentre) to give a 5' 
phosphate terminus on the RNA (Stevens and Poole, 1995). For the [3H] 
RNA assay, 2nmol (as nucleotides), 3 x 104  cpm, were incubated in 
reaction mixtures as described above. 
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2.2.7 Cloning 
2.2.7.1 Cloning of RRP2 
The RRP2 gene (nt. -271 to +388 relative to the transcription start 
site (+1)) was amplified by PCR from yeast genomic DNA using the 
following primer pair: RRP2-5' AAAGGATCCGTCAGGGCTCTTCAAC 
and RRP2-3' AAAGTCGACTGCTAAAAAATAGTGTAA. The PCR 
generated Ba mI-Il and Sail restriction sites were then used to clone the 
PCR product (which was verified by DNA sequencing and found to 
contain a C to C mutation at position -217) into the BamHl and Sail sites 
of plasmid pHT4467 (CEN-URA3-ADE3, (Venema and Tollervey, 1996) 
yielding plasmid pBD1 and into the same sites of plasmid pRS415 (CEN-
LEU2, Stratagene), yielding plasmid pRS415-LEU2-RRP2 (pBD1). 
2.2.7.2 Cloning of POP3 
To clone genes which are able to complement the sl phenotype of 
the obtained si strains but are different from RRP2 and SNM1, one sl 
strain (SL311) was transformed with a yeast genomic library in pUN100 
(LELI2, CEN; Berges et al., 1994) and plated on SD-leu medium. After 5 
days the colonies were replica plated on YPD (4% glucose) plates and 
grown for additional 5 days. Out of approximately 5000 transformants, 
nine regained a sectoring phenotype. White sectors were purified and 
tested for growth at 37°C. Four of the white strains showed a ts phenotype, 
which was interpreted as indicating that they did not carry the RRP2 or 
SNM1 genes on the plasmid. Three of these strains were used to recover 
the library plasmids in E. coli. 
The recovered plasmids were characterised by restriction digestion 
and shown to contain an overlapping region of the yeast genome, which 
was mapped to chromosome XIV with the use of an ordered yeast 
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genomic library (Riles et al., 1993). One library plasmid was used to 
construct deletion mutants which were cloned into pRS415 and tested for 
their ability to complement the si phenotype. A minimal 3.5 kb Hin dill 
complementing fragment was obtained (plasmid pRS415-LEU2-POP3) and 
DNA sequencing of the ends of the 3.5 kb insert using primers 
complementary to the polylinker region of the vector revealed the partial 
open reading frame of the ERG24 gene (Lorenz and Parks, 1992). 
Both strands of the 3.5 kb Hindill fragment were sequenced by 
primer walking, excluding the already published ERG24 sequence (EMBL 
accession number X95844). Two complete open reading frames (ORF) 
were identified, encoding for potential proteins of 195 (588 nt., designated 
POP3) and 153 (462 nt.) amino acids, respectively. Deletion mutants 
within the 588 nt. ORF (POP3) showed that the complementing activity 
could be attributed to this gene. Three other sl strains (SL88, SL125 and 
SL194) were similarly transformed with genomic libraries. Seven clones 
were recovered from the these strains all of which contained the POP3 
gene. 
2.2.7.3 Cloning of HAL2 
SL158 was back-crossed twice to the parental strain CH1305, 
selecting for cold-sensitivity and one cs strain (YBD105) of the resulting 
progeny was transformed with a yeast genomic library in pUN100 (Berges 
et al., 1994). Library plasmids were recovered in E. coli from eight 
independent non-cs yeast transformants. All plasmids contained an 
overlapping fragment of yeast chromosome XV. One plasmid (pBD36) 
was used to produce deletion mutants. A 2.3kb Sad - Spel fragment 
(containing the HAL21MET22 gene) released from pBD36 was shown to 
complement the cs phenotype of strain YBD105 and the si phenotype of 
SL158 when transformed into those strains as plasmid pBD38 or pBD45, 
respectively. 
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2.2.8 Gene disruptions 
2.2.8.1 POP3 gene disruption 
To construct a POP3 null allele, a one-step PCR method was 
employed according to Baudin et al., (1993). The HIS3 gene was PCR-
amplified, using the following primer pair: Oligo-pro, 
TTTTTCCTCGCTTTCTCTGCCCACTTTTTTCTTCTGTCTTCTAGTCGTTC 
AGAATGACACG and Oligo-term, GCAGGTGTATAAGCCCGTGCTAGA 
CAATCCGTTCACAAACGAACTCTTGGCCTCCTCTAG. The linear PCR 
fragment was gel-purified and used to transform the diploid yeast strain 
BMA38 (Rothstein, 1991). His transformants were tested for correct 
integration by PCR and Southern analysis. One heterozygous 
POP31pop3::HIS3 diploid strain (YBD30) was sporulated and tetrads were 
dissected. Twenty two dissected tetrads gave rise to either one or two 
viable spores, which were always His. The plasmid pRS316-URA3-POP3 
was transformed into the strain YBD30 and the resultant strain was 
sporulated and tetrads were dissected. Mostly three or four viable spores 
were obtained. All spores which carried the HIS3 marker were unable to 
grow on plates containing 5-FOA, which selects for loss of the pRS316-
URA3-POP3 plasmid. 
2.2.8.2 HAL2 gene disruption 
To construct a HAL2 null allele, the complete HAL2 ORF was 
replaced in the diploid yeast strain BMA38 using a one-step PCR method 
(Baudin et al., 1993). The I-JIS3 marker gene was PCR amplified using 
oligonucleotide HAL2-pro, ATATGTACTCATATATTTATGTCTATCAA 
TAAAGTAAAATATATGCTCGTTCAGAATGACACG and oligo-
nucleotide HAL2-term, TTAGTAAGTAAGAAGTTTAAAGACAACTCA 
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GAAGACATCAGCACTCTTGGCCTCCTCTAG. The resulting PCR 
fragment was gel purified and used to transform strain BMA38. The 
transformation reactions were plated on SD-His plates. Sporulation and 
tetrad dissection of one heterozygous HAL21hal2::HIS3 transformant 
resulted in four viable strains per tetrad. Correct integration was verified 
by Southern hybridisation. Strains carrying the hal2::HIS3 allele (hal2-4) 
were auxotrophic for methionine and cs. 
2.2.8.3 XRN1 gene disruptions 
XRN1 gene disruptions in strains YBD1 and YBD105 were 
performed using a 5.8kb xrnl::LEU2 disruption construct recovered from 
plasmid LBW503 (kindly provided by Lydia Brimage, Oxford, UK). Correct 
integration was verified by Southern hybridisation. 
2.2.9 Epitope tagging of proteins and production of conditional alleles 
2.2.9.1 Epitope tagging of Pop3p with protein A 
To construct a ProtA-POP3 fusion gene, a 395 bp NcoI-EcoRI 
fragment encoding two IgG-binding domains of S.aureus protein A was 
recovered from plasmid p28NZZtrc (Grandi et al., 1993) and fused to a 
PCR-generated BamHI-NcoI fragment comprising the promoter region of 
POP3 (nt. -500 to -1, numbering relative to the ATG start codon) in pRS314 
(TRP1-CEN, Sikorski and Hieter, 1989), to give the cloning intermediate 
pBD20. The primers used for amplification of the BamHI-NcoI fragment 
are: ProtA-1 AAAGGATcCAAAAACCTGCTGTAAAT and ProtA-2 
AAAAACCACGGCTACTTACCGTCTTGAT. A PCR-amplified EcoRI-
KpnI fragment containing the complete POP3 coding sequence (nt. +1 to 
+588) was then cloned into pBD20, in-frame, immediately before the 
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initiation codon, to generate the ProtA-POP3 fusion gene resulting in 
pBD25. The primers used for amplification of the POP3 coding sequence 
are: primer ProtA-3 AAAGAATTCAATGTCGGGCGGGTCGTTAAAA 
and primer ProtA-4 AAAGGTACCCTACTTTTGCCTCTTCTT. All PCR-
amplified regions were verified by sequencing. 
pBD25 was then used to transform a heterozygous POP31pop3::HIS3 
diploid strain (YBD30). Subsequent sporulation and tetrad dissection 
yielded a haploid strain (YBD32) carrying the pop3::HIS3 deletion 
complemented by the Pro tA-POP3 fusion-gene. 
2.2.9.2 Construction of a conditional GAL1O::pop3 allele 
To construct a conditional GAL1O::pop3 allele, a 1.5 kb Hindill-
BamHI fragment containing the URA3 marker gene and the GAL1O 
promoter cassette (Guarente et al., 1982) was fused to the promoter region 
of the POP3 gene (nt. -500 to -21, numbering relative to the ATG start 
codon), in pBS(KS+) (Stratagene), resulting in the cloning intermediate 
pBD23. The POP3 promoter region was PCR-amplified as a KpnI-HindIII 
PCR-fragment, using the following primer pair: primer GAL-1 
AAAGGTACCAAAAACCTGCTGTAAATG and primer GAL-2 
AAAAAAGCTFCCTCACCTTCCTTGT. A PCR-amplified BamHI-SacI 
fragment containing the complete POP3 coding sequence (nt. -20 to +588) 
was then cloned into pBD23, creating pBD27. The primers used for 
amplification of the BamHI-SacI POP3 fragment (nt. -20 to +588) are: 
primer GAL-3 AAAGGATCCAATCAAGACGGTAAGTA and primer 
GAL-4 AAAAGAGCTCCTGCGCGGGTAATTTTGT. All PCR-generated 
fragments were verified by sequencing. A linear KpnI-SacI fragment from 
pBD27 was gel-purified and used to transform a wild-type haploid yeast 
strain (BWG1-7A). Ura+ transformants were isolated on SGa1-ura plates 
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and correct integration of the GAL10::pop3 construct was verified by 
Southern blot analysis. 
For Pop3p depletion, cells growing exponentially in galactose 
minimal medium (SGa1-ura) at 30°C, were harvested by centrifugation, 
and resuspended in glucose minimal medium (SD-ura). During growth, 
cells were diluted with pre-warmed medium and constantly maintained 
in exponential phase. 
2.2.9.3 Construction of a ProtA-tagged HAL2 allele 
A yeast strain which carries an N-terminal protein A tagged HAL2 
gene under the control of the inducible GAL 10 promotor was constructed 
using a one-step PCR method (Lafontaine and Tollervey, 1996). The 
primer pair used for amplification of the disruption construct was : HAL2-
ProtA 5'-TCGTACAGCTTGAGTTGCAACCAATAATTCTCTTTCCAATG 
CCATATTCGCGTCTACTTTCGG-3' and HAL2-His3 5'-GCAAAGAAGAA 
ACCATGCCACATATAAAGAACGTTTGCACTTCTCCTCflGGCCTCCT 
CTAGT-3'. The linear PCR fragment was gel-purified and used to 
transform the haploid yeast strain (Lafontaine and Tollervey, 1996). 
Correct integration of the construct at the chromosomal HAL2 locus was 
verified by Southern hybridisation. For the preparation of whole cell 
extracts the ProtA-Hal2p expressing strain was grown in minimal 




Pop3p is a novel protein component of the 
yeast RNase MRP and RNase P RNPs and is 
required for the enzymatic activities of both 
particles in vivo 
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3.1 Introduction 
The RNase MRP and RNase P RNPs are the only stable RNA-
protein complexes identified to date which have been shown to possess 
endoribonucleolytic activity. These activities are required for the 
processing of pre-rRNA and pre-tRNAs, respectively. 
RNase MRP was identified as an in vitro enzymatic activity which 
cleaves RNA complementary to the mitochondrial origins of replication 
in vertebrate cells (Chang and Clayton, 1987a), although the role of RNase 
MRP in mitochondrial DNA replication has not yet been unambiguously 
demonstrated in vivo. The in vitro RNase MRP activity allowed however 
the isolation of RNase MRP RNA from a large number of different 
eukaryotes including yeast (see section 1.4) but the isolation of the genes 
encoding the protein subunits was not achieved. At least 90% of the total 
RNase MRP content of a cell is located in the nucleolus (Kiss and 
Filipowicz, 1992; Reimer et al., 1987; Topper et al., 1992;) and ts mutations 
in the MRP RNA component (Chu et al., 1994; Lindahi et al., 1992; Shuai 
and Warner, 1991) as well as depletion of yeast MRP RNA in v i v o 
(Schmitt and Clayton, 1993) showed that RNase MRP is involved in 
processing of pre-rRNA. 
In eukaryotic cells, three of the four rRNA species are co-
transcribed as a single precursor by RNA polymerase I. The processing of 
the large precursor rRNA does not consist of simple endonucleolytic cuts 
at the ends of the mature rRNAs, but involves a very complex series of 
reactions (Figure 3.1, reviewed in Venema and Tollervey, 1995). Two 
independent processing pathways lead to the production of the major, 
short form of 5.8S rRNA (5.8S) and the minor, long form (5.8SL)  (Henry 
et al., 1994), the latter having seven additional nucleotides at the 5' end; 
formation of 5.8S, but not 5.8SL, requires cleavage of the pre-rRNA at site 
A3 in internal transcribed spacer 1 (ITS1). A direct involvement of RNase 
EM 
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MRP in the formation of 5.8SS rRNA, by endonucleolytic cleavage of the 
pre-rRNA at site A3, has been demonstrated (Lygerou et al., 1996). 
When this work was started two protein components of the yeast 
RNase MRP RNP were known. Screening of a bank of ts-lethal yeast 
strains for mutants which had an altered ratio of 5.8Ss: 5.8SL led to the 
identification of Popip (Lygerou et al., 1994). Multicopy suppression of a ts 
mutant in the RNA component of RNase MRP led to the identification of 
a second protein component of RNase MRP, Snmlp (Schmitt and 
Clayton, 1994). 
This project was initiated in order to identify new protein subunits 
of the RNase MRP particle and/or genetically interacting components. For 
this purpose a genetic screen was performed to isolate mutants which are 
synthetically lethal with a ts mutation (rrp2-1) in the RNA component of 
RNase MRP (Lindahl et al., 1992; Shuai and Warner, 1991) The rrp2-1 
allele shows a wild-type phenotype when yeast cells are grown at 18°C. At 
25°C the mutant strain is viable but cleavage of the pre-rRNA at site A3 is 
strongly inhibited (Lygerou et al., 1994). The POP3 gene was identified by 
complementation of the sl phenotype of the obtained mutant strains. 
Surprisingly it was found that Pop3p is a protein subunit not only of 
RNase MRP but also of RNase P. Furthermore it is shown that Pop3p is 
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Figure 3.1: Structure and processing of the yeast pre-rRNA. 
Structure of the 35S pre-rRNA. Locations of the pre-rRNA cleav-
age sites (uppercase) and the probes (lowercase, a to e) used for 
Northern hybridisation and primer extension analysis are shown. 
Alternative names for the oligonucleotides are: a (riboprobe AO-A1), 
b (20S-2), c (27SA3), d (27SA2), e (5.8S + 54) and f (rna11). 
(next page) Pre-rRNA processing pathway. The 35S pre-rRNA 
undergoes snoRNP-dependent cleavages at site A 0 in the 5' ETS 
(generating the 33S pre-rRNA), site A 1 at the 5' end of the 18S rRNA 
(generating 32S pre-rRNA) and A 2 in 1TS1 (generating the 20S and 
275A2 pre-rRNAs). A 2 cleavage separates the pre-rRNA destined to 
form the small and large ribosomal subunits. The 20S pre-rRNA is 
cleaved, probably endonucleolytically, to generate the 18S rRNA. The 
27SA2 pre-rRNA can be processed by two alternative pathways. In 
the major pathway, 27SA 2 is cleaved by RNase MRP at site A 3 to gen-
erate the 27SA3 pre-rRNA. A3 acts an entry site for an exonuclease 
activity that degrades the pre-rRNA 5'->3' to site Bi s, generating the 
5' end of the short form of the 27SB pre-rRNA, 27SB 5. An alternative 
pathway leads to cleavage at site B1L, the 5' end of the 27SB L pre-
rRNJA. The processing of both 27SB species appears to be identical. 
Processing at sites C 1 and C2 separates the mature 25S rRNA from the 
7S pre-rRNA, the latter then undergoes processing by 3'->5' exonu-
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3.2 Results 
3.2.1 Isolation of mutants which are synthetic lethal with a point 
mutation in the RNA component of RNase MRP (rrp2-1) 
In order to identify new gene products which physically and/or 
functionally interact with RNase MRP a genetic screen was performed for 
mutants which are synthetic lethal (si) with a temperature sensitive (ts) 
mutation in the RNA component of RNase MRP (rrp2-1). Synthetic 
lethality arises when the presence of two distinct mutations in a cell 
results in a lethal phenotype which is not seen when the mutations are 
present on their own. For this purpose a haploid rrp2-1 yeast strain 
(YBD1) was produced which contains a centromeric plasmid (pBD1) 
carrying the RRP2 gene together with the 1JRA3 and ADE3 marker genes. 
The presence of a functional ADE3 gene in an ade2/ade3 mutant 
background results in a red phenotype of the yeast cells, whereas the 
strain has a white phenotype in the absence of the ADE3 marker. Loss of 
the pBD1 plasmid can therefore be monitored by the appearance of white 
sectors in the yeast colonies (Koshland et al., 1985; Kranz and Holm, 1990). 
Figure 3.2 shows, schematically, the principle of the si screen. The sl 
starting strain YBD1, which carries the rrp2-1 allele at the chromosomal 
RRP2 locus and a plasmid with the RRP2 wild-type gene (pBD1), has a 
sectoring phenotype at 24°C, i.e. cell viability does not depend on plasmid 
pBD1 under these conditions. The starting strain is then mutagenised by 
UV irradiation. Strains which acquired mutations that result in synthetic 
lethality in combination with rrp2-1 are dependent on the presence of 
pBD1 and have therefore a red colour. The mutations causing the sl 
phenotype can be cloned using the same sectoring assay. The red si strains 
are transformed with a yeast genomic library and plasmids which 
complement the si mutation (or the rrp2-1 mutation) restore a sectoring 
FIM 
Figure 3.2: Principle of screen for synthetic lethality with rrp2-1 
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phenotype. The plasmids from those strains can then be recovered and 
further analysed. Ideally one would expect to recover both the RRP2 wild-
type gene and the wild-type SL-gene in a 1:1 ratio. 
In order to obtain the desired si mutant strains, the YBD1 strain was 
plated on YPD medium, UV irradiated to approximately 10% survival 
and grown at 24°C (see Materials and Methods). Approximately 1 x io 
cells survived the mutagenesis, from which 332 displayed a non-sectoring 
phenotype. The mutagenesis also produces mutant strains which have a 
red appearance without being dependent on pBD1. To screen for truly 
plasmid-dependent mutants, these strains were tested for their ability to 
grow on plates containing 5-fluoro-orotic acid (5-FOA) which 
counterselects strains containing a functional URA3 gene. Twenty one 
strains did not grow on 5-FOA plates, indicating that they are truly 
plasmid-dependent. In the final selection step, those strains are identified 
which require the presence of the wild-type RRP2 gene for viability and 
not the other genes present on pBD1 (i.e. IJRA3 and ADE3). The 21 yeast 
strains were therefore transformed with a plasmid containing the RRP2 
gene and carrying LEU2 as a selectable marker (pRRP2-LEU2) or with the 
corresponding empty vector as a control. Fifteen mutant strains regained 
sectoring only when transformed with pRRP2-LEU2 and therefore carry 
mutations which are synthetically lethal with rrp2-1. The flow chart 
diagram of figure 3.3 summarises the results obtained during the screen. 
The strains were also tested for cold sensitive (cs) and ts 
phenotypes. Such phenotypes allow alternative ways of cloning the si 
mutations if the mutations causing the cs or the ts phenotype respectively 
are found to be allelic with the sl mutation. It turned out that SL158 has a 
tight cs lethal phenotype and SL157 has a tight ts lethal phenotype. Other 
si strains also showed substantial growth inhibition at 15°C and 37°C 
respectively, but not as tight as the above mentioned strains (see Table 
3.1). 
M. 
-100.000 cells survived UV-irradiation (-10%) 
pick red colonies and streak 
on YPD 4% Glucose (1cm patch) 
1000 colonies 
restreak red patches on 
YPD 4% Glucose (1110 plate) 
IF 
332 strains 
streak stably red strains on 
plates containing 5-FOA 
IF 
21 strains do not grow on 5-FOA 
I transform with: 
I 	a) RRP2 (LEU2, CEN) 
b) empty vector (LEU2, CEN) 
IF 
15 strains are synthetically lethal with rrp2-1 
- regain sectoring with RRP2 
- do not sector with empty vector 
Figure 3.3: Flow chart diagram of synthetic lethal screen 
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The Popip and Snmlp proteins have previously been shown to be 
components of RNase MRP (Lygerou et al., 1994; Schmitt and Clayton, 
1994). To determine whether these genes might contain the si mutations, 
the mutant strains were transformed with centromeric plasmids carrying 
the LELI2 marker and either the POP1 or SNM1 gene. All si strains 
maintained the red phenotype when transformed with the POP1 plasmid, 
indicating that it is not a mutation in the POP1 gene which causes the si 
phenotype. In contrast, all but one of the si strains (SL177) regained the 
sectoring phenotype when transformed with the SNM1 plasmid (Table 
3.1). However, SNM1 was identified as a multi-copy suppressor of the 
rrp2-1 allele. Therefore it seemed feasible that SNM1 restores the sectoring 
phenotype of the sl mutants by suppression of the rrp2-1 mutation, even 
when expressed from a low-copy number plasmid. This possibility was 
tested and it was found that SNM1 is indeed able to suppress the ts lethal 
phenotype of a rrp2-1 mutant strain when expressed from a centromeric 
plasmid (not shown). This indicated that SNM1 might not be allelic with 
the sl mutations in the obtained si strains. A search for other genes which 
are able to restore sectoring in those strains was therefore initiated. In 
table 3.1 all obtained sl strains are listed and sectoring and growth 
phenotypes are indicated. 
Me 
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strain Sectoring @ 24°C Growth 
# pRS415 RRP2 SNM1 POPI 15°C 	37°C 
3 - +4- ++ 
23 - ++ ++ - ++ ++ 
88 - +++ +++ - + + 
108 - +++ -i-++ - + 
125 - +++ +++ - 
157 - +++ +++ - - 
158 - +++ ++-i- - - + 
177 - +++ 
194 - +++ +++ - + ++ 
218 - + + - +++ +++ 
256 - ++ + - + 
257 - +++ +++ - +++ + 
288 - ++ ++ - +I ++ 
296 - +++ +++ - +I_ 
311 - +++ + - 
Table 3.1: Yeast strains sl with rrp2-1 
The isolated sl strains were transformed with centromeric plasmids 
containing the LELI2 marker gene carrying either no insert or the RRP2, 
SNM1 and POPTI genes. Sectoring was recorded after growth on YPD (4% 
glucose) for approximately two weeks at 24°C (- indicates no sectoring, + 
indicates little, ++ good and +++ very strong sectoring); growth of the 
strains at 15°C and 37°C was tested on YPD (4% glucose) plates after 
incubation for approximately two weeks (cs) and approximately four days 
(ts) respectively (- indicates no growth at all, +1- indicates almost no , + 
very little, + good and +++ very good growth). 
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3.2.2 Cloning and Sequencing of the POP3 gene 
The observation that both the RRP2 gene (which must restore 
sectoring in the si strains) and SNM1 restored sectoring in the si strains 
made it desirable to adapt the cloning strategy to this circumstance. In 
order to identify genes which are able to complement the sectoring 
phenotype of the strains but are distinct from the RRP2 and SNM1 genes, 
the temperature sensitive lethality of the rrp2-1 allele was used to screen 
against the cloning of those genes. Strain SL311. was transformed with a 
centromeric yeast genomic library and colonies were isolated which 
showed a sectoring phenotype. It was then tested whether the white 
sectors from those colonies (which have lost the pBD1 plasmid) exhibited 
a ts phenotype. Library plasmids carrying either the RRP2 or the SNM1 
gene are expected to support growth in the white sectors at 37°C (due to 
complementation and suppression of the rrp2-1 ts phenotype 
respectively) the non-permissive temperature for rrp2-1. 
White colonies of nine independent, sectoring SL311 library 
transformants were obtained by streaking small patches of the sectoring. 
strain for single colonies. The isolated white colonies were then tested for 
growth at 37°C. Four of the nine white strains did not grow at 37°C and 
the library plasmids from three of those strains were recovered in E. coli. 
PCR analysis indicated that all three plasmids recovered contained a 
region of the yeast genome, which did not include the RRP2 or SNMI 
genes. One library plasmid was mapped with the use of restriction 
endonucleases and deletion mutants were constructed (Figure 3.4 A). A 
minimal 3.5 kb Hindlil fragment complemented the sectoring phenotype 
(subclone 3, Figure 3.4 A). DNA sequencing of this fragment using 
primers complementary to the multiple cloning site of the vector 
revealed part of the ERG24 gene (Lorenz and Parks, 1992). Using an 
ordered yeast genomic library (Riles et al., 1993) the 3.5 kb Hindlil 
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Figure 3.4. Characterisation and sequence of the POP3 gene locus. 
Restriction map of the chromosomal locus containing the POP3 gene. 
The direction and position of ORFs present in one of the recovered library 
plasmids which are derived from the complete DNA sequence of yeast 
chromosome )(JV (Philippsen et al., 1997), are shown. The ORF "A" repre-
sents YNL284c, the ORF "B" represents YNL283c, the ORF "C" represents 
YNL281w, the ERG24 ORF corresponds to YNL280c and the POP3 ORF 
corresponds to YNL282w, according to the nomenclature of the complete 
DNA sequence of yeast chromosome )(IV (Philippsen et al., 1997). The 
lines below the restriction map represent 1) a full-length library plasmid, 
2), 3), 4) and 5) subclones which were generated and tested for their ability 
to restore sectoring to SL311. The ability of the subclones to restore sector-
ing is indicated by (+) and (-), respectively. 
(next page) Sequence of the POP3 locus. 1402 bp of a subclone contain-
ing the POP3 gene were sequenced by primer walking. The POP3 open 
reading frame is shown in capital letters in combination with a translation 
into the protein code. The additional sequences obtained are shown in 
lower case. The Sall site used for cloning is indicated by outlined letters. 
1 aaacatatgcaaattcatagtaaaaggagatagggcccagatgaccaaatcaagaatggctcactgttgaaacattctgc 80 
81 ttaatgtcgaaacagtccgtaaacaaacacattcccacaaaacaccgcaccgcgaaaaaaaaaaaaaacaggaaaaaacg 160 
161 cgaaatgtccgtaactttacccggtaatagtcacgtgataaaggtgcattggtctagctggctgttctggccaagcgac 240 
241 agcagggttcatactttcagtagaacaaaaatcgggggaaatgcgatgcactctttaactgcaattatgcacatcctatt 320 
321 gccagggcggatatttgatgttgttctcagatatgtattccctgatctataccgttctcatagttcaattttctctgat 400 
401 ttctcgtgcgggcaataagtaaaaaatagcatttgcgtgcttaagtgaaatttttcagattatgagtgatatagagatga 480 
481 ggactgtaacaagaaggaaggtgaggaaatcaagacggtaagtagc ATG TCC GGG TCG TTA AAA TCT CTA 550 
j 	 M S G S L K S L 	8 
551 GAC AAG AAA ATA GCT AAA AGA AGG CAG GTG TAT AAG CCC GTG CTA GAC AAT CCG TTC ACA 610 
	
9D K K I A K R R Q V Y K P V L D N P F T 	28 
611 AAC GAA GCA CAT ATG TGG CCG CGC GTG CAT GAP CAG CCA TTG ATT TGG CAG CTG CTG CAA 670 
29N H A H M W P R V H D Q P L I W Q L L Q 	48 
671 TCC TCT ATC ATA AAT AAG TTG ATT CAC ATT CAA TCG AAG GAG AAC TAC CCT TGG GAG CTG 730 
495 S I I N K L I H I Q S K H N Y P W H L 	68 
731 TAT ACA GAT TTC AAT GAA APT GTG CAG TAT TTG AGC GGC GCT CAC GGA AAC AGC GAC CCA 790 
69Y T D F N H I V Q Y L S G A H G N S D P 	88 
791 GTA TGP CTA TTT GTG TGC AAT AAG GAC CCT GAP GTA CCG CTT GTG CTC TTG CAG CAA ATC 850 
89V C L F V C N K D P D V P L V L L Q Q I 	108 
851 CCG CTA PTA TGC TAT ATG GCG CCC APG ACG GTT AAA CTG GTG CAG TTG CCC AAG AGT GCC 910 
109P L L C Y M A P N T V K L V Q L P K S A 	128 
911 ATG GAT ACC TTC AAG TCG GTT TCT AAA TAT GGA ATG CTG CTG CTG CGG TGC GAC GAT AGG 970 
129N D T F K S V S K Y G N L L L R C D D R 	148 
971 OW MC AAG AAA TTC GTA TCG CAG ATC CAG AAG AAC GTT GAP CTG CTT CAG TTT CCC TGG 1030 
149V D K K F V S Q I Q K N V D L L Q F P W 	168 
1031 PTA AAT GCT ATe AAG TAT CGG CCC ACA TCT GTe AAG CTG TTG AAA ACT ACA GTG CCA APT 1090 
169L N A I K Y R P T S V K I.. L K P T V P I 	188 
1091 GTe TCG AAG AAG AGG CAA AAG TAG acaaaattacccgcgcaggcctatttttctagaagacagaagaaaaaa 1162 
189V S K K R Q K * 	 196 
1163 gtgggcagagaaagcgaggaaaaaaagaaatacatatgaagaagaaaaaagctgaaatttaagcaaatactttttggaca 1242 
1243 aaatcatcaaactactactaaagtttgaaacgatcggaaagttacaacacatttacgataaaatatggttgtcttgaatc 1322 
1323 caaataactggcattgggtggataaaaacaccttaccttggtctaaggactacttgaacggtaaattaacgagtttgtcc 1402 
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Since the sequence of the chromosomal locus was not available from the 
yeast genome sequencing project at the time, both strands of the 3.5kb 
Hin dill fragment were sequenced by primer walking, excluding the 
already published ERG24 sequence. Figure 3.4 B shows the nucleotide 
sequence of the sequenced 1402 bp DNA fragment. This sequence was 
deposited at the EMBL database and can be retrieved under the accession 
number X95844. The sequence of the same region from chromosome XIV, 
which was later published by the yeast genome sequencing project 
(Philippsen et al., 1997), was found to be 100% identical to the sequence 
shown here (the POP3 gene corresponds to ORF YNL282w). This region 
contains two open reading frames of 588 nt and 462 nt, respectively. A 
subclone which contains the complete 462 nt ORF (subclone 5, Figure 3.4 
A) does not complement sectoring in the SL311 strain, nor does a 
subclone which excludes nts +446 to +588 (numbering relative to the ATG 
start codon) of the 588 nt ORF (subclone 4, Figure 3.4 A). It was concluded 
that the 588 nt ORF contains the complementing activity. This ORF was 
designated POP3, for processing af precursor RNAs 3 (the designation 
POP2 having been used for a gene implicated in the regulation of sugar 
metabolism). Using the same cloning strategy as described for SL311, 
seven plasmids which complemented the sl phenotypes of three other 
strains (SL88, SL125 and SL194) were isolated. Performing PCR using 
primers complementary to the POP3 gene it was found that in each case 
the complementing plasmids contained the POP3 gene (not shown). It 
was then determined whether POP3 also complements the sectoring 
phenotype of the remaining 11 sl strains. Ten of the 11 remaining strains 
(with the exception of strain SL177) had a sectoring phenotype when 
transformed with the POP3 gene (shown for SL311 in Figure 3.6 A) 
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3.2.3 Pop3p is essential for cell viability 
The POP3 gene encodes a basic protein (p19.64) of 22.6 kDa predicted 
molecular weight. Comparison of the POP3 sequence with sequences from 
databases did not identify similarity to any known protein nor any known 
protein motif. A one-step PCR method (Figure 3.5 A, see Materials and 
Methods) was used to disrupt the POP3 gene with the HIS3 marker gene 
in a diploid yeast strain which carries a total deletion of the HIS3 locus. 
Correct integration of the HIS3 marker gene at the POP3 locus was 
confirmed by PCR and Southern blot analysis (Figure 3.5 B). From one 
heterozygous diploid strain twenty two tetrads were dissected, all of which 
gave rise to only one or two viable spores (Figure 3.5 Q. All viable 
progeny were His. When the disrupted diploid strain was transformed 
with the wild-type POP3 gene on a centromeric plasmid carrying the 
LJRA3 marker the tetrads gave rise to mostly three or four viable spores. 
All progeny which showed a His+ phenotype were non-viable on 
medium containing 5-FOA (not shown), showing that the haploid strains 
carrying the pop3::HIS3 allele are plasmid-dependent. POP3 is therefore 
essential for cell viability. 
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Figure 3.5: POP3 gene disruption and tetrad analysis. 
Schematic representation of the POP3 gene locus. Employing a one-
step PCR method, the POP3 gene was disrupted by insertion of the HIS3 
marker gene at the POP3 chromosomal locus. 
Southern blot analysis of diploid POP31pop3::HIS3 strains (lanes 1 to 8) 
and an isogenic wild-type strain (lane 9). HindIll digested chromosomal 
DNA obtained from these strains yielded the expected wild-type and dis-
rupted fragments (a 187 bp Hindlil fragment of the HIS3 gene is not 
shown), as indicated. 
One POP31pop3::HIS3 diploid strain (YBD30) was sporulated and tet-
rads were dissected. In no case was more than two viable spores obtained 
per tetrad. 
C 
Chapter 3 	 Pop3p is essential for RNase MRP and P activity 
3.2.4 POP3 is a suppressor of the rrp2-1 allele 
In the same fourteen sl strains to which sectoring is restored by a 
plasmid-bome copy of POP3, sectoring is also restored by SNMJ. Since it is 
highly unlikely that all those strains contain mutations in both genes this 
suggested that the si mutations do not lie in POP3 and that recovery of the 
sectoring phenotype might be due to suppression of rrp2-1 by the presence 
of a second copy of POP3 on the plasmid. This hypothesis was tested and it 
was found that both POP3 and SNM1 suppress the rrp2-1 growth 
phenotype at 34°C, when expressed from a low copy plasmid (not shown). 
Suppression of rrp2-1 by expression of POP3 and SNM1 from a high copy 
plasmid is shown in figure 3.6 B. POP3 was able to suppress fully the ts 
growth phenotype at 34°C, but only partially suppressed for growth at 
37°C. In contrast, the SNMI gene suppressed the growth defect to wild-
type level at 37°C, as previously described (Schmitt and Clayton, 1994). 
To verify that restoration of sectoring in the sl strains could be due 
to suppression of the rrp2-1 allele by POP3, genomic DNA prepared from 
SL311 was used as a template to PCR amplify and clone the POP3 gene. 
DNA obtained from two independent E. coli transformants was 
sequenced and no identical mutations were present in both clones. Two 
altered nucleotides were observed only in a single clone and can be 
attributed to infidelities during PCR amplification of the gene. It was 
therefore concluded that at least in the SL311 strain, the chromosomal 
POP3 gene is wild-type and the POP3 gene is acting as a low copy number 
suppressor of the rrp2-1 allele. The actual sl mutation of SL311 has 
therefore not been cloned. It is not clear at present whether any of the 
other strains which regain sectoring after introduction of POP3 are 
actually mutated in this gene. 
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Figure 3.6: POP3 restores sectoring in SL311 and suppresses the ts growth 
phenotype of the rip2-1 allele. 
The si strain SL311 was transformed with the single copy plasmids 
pRS415, pRS415-LEU2-RRP2 (pRRP2), pRS415-LEU2-POP1 (pPOP1), 
pRS415-LEU2-POP3 (pPOP3) or pMES194-LEU2-SNM1 (pSNM1), streaked 
on YPD (4% glucose) plates and incubated at 24°C for 10 days. 
Serial dilutions (10-fold dilutions from left to right) were spotted onto 
SD-leu plates and incubated at 30°C, 34°C or 37°C. RRP2 (YBD3) is an 
otherwise isogenic wild-type strain of the rrp2-1 mutant strain (YBD2); 
both strains contain the pRS425 vector. pPOP3 (YBD20) and pSNM1 
(YBD21) indicate rrp2-1 strains (YBD2) in which these proteins are over-




. . e1•.•. .•.• 
Chapter 3 	 Pop3p is essential for RNase MRP and P activity 
3.2.5 Pop3p is associated with both the RNase MRP and RNase P RNAs in 
vivo 
3.2.5.1 Construction of an epitope tagged POP3 allele 
The ability of the POP3 gene to suppress the ts lethality of the rrp2-1 
allele suggested a possible physical interaction of the gene products. To 
test this, a chimeric POP3 fusion-gene was constructed encoding two IgC-
binding domains of protein A from Staphylococcus aureus fused in-
frame with the N-terminus of the POP3 ORF (schematic representation 
shown in Figure 3.7 A). This fusion gene (Pro tA-POP3) was expressed on a 
centromeric plasmid (carrying the TRP1 marker gene) under the control 
of the homologous POP3 promoter in a POP31pop3::HIS3 diploid yeast 
strain. Tetrad dissection resulted in mostly three or four viable spores. All 
spores which showed a His+ phenotype were also Trp+,  showing that the 
ProtA-POP3 construct is able to complement the pop3::HIS3 disruption 
(not shown). No growth difference was observed between the wild-type 
strain and a strain in which the pop3::HIS3 disrupted chromosomal locus 
is complemented by the plasmid-borne ProtA-Pop3p fusion protein, 
showing that the ProtA-Pop3p protein is functional. Western blot analysis 
of extracts prepared from the ProtA-Pop3p expressing strain using rabbit 
IgG-PAP to decorate the membrane confirmed that the fusion-protein is 
expressed with the expected apparent molecular weight of approximately 
37 kDa (Figure 3.7 B, lane 1). This protein is not present in extracts 
prepared from an isogenic non-tagged Pop3p strain (lane 4). Furthermore, 
the fusion protein is very efficiently depleted from yeast extracts upon 
incubation with IgG-agarose (lane 2). Recovery of the fusion protein after 
coprecipitation was generally low, because the protein was bound very 
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Figure 3.7: Epitope tagging of Pop3p and expression of the ProtA-
Pop3p fusionprotein. 
Schematic representation of the ProtA-Pop3p fusion protein. Two 
IgG-binding domains of protein A from Staphylococcus aureus 
(indicated by Z) were fused in-frame with the N-terminus of the 
POP3 gene under the control of the homologous POP3 promotor 
region. The fusion protein was expressed from a centromeric plasmid 
(pBD25) in a haploid yeast strain carrying a HIS3::pop3 disruption. 
Total lysates (lanes 1 and 4), IgG-agarose depleted supernatants 
(lanes 2 and 5) and IgG-agarose pellets (lanes 3 and 6) derived from 
the ProtA-Pop3p strain (YBD32) and an otherwise isogenic Pop3p 
strain (YBD38) were separated by SDS-PAGE on a 15% gel and anal-
ysed by Western Blot. The membranes were decorated with rabbit 
IgG-PAP and developed by ECL. Migration of molecular weight 
standards is indicated. 
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3.2.5.2 Coprecipitation of the MRP and P RNAs with ProtA-Pop3p 
To test for physical association of the ProtA-Pop3 fusion protein 
with RNase MEP RNA, immunoprecipitation experiments were 
performed (see Materials and Methods). Cell extracts prepared from the 
ProtA-POP3 strain (YBD32) were incubated with IgG-agarose beads and 
RNA was extracted from total lysates, depleted supernatants and IgG-
agarose pellets. The RNAs were then analysed by Northern hybridisation. 
As controls, a ProtA-POP1 strain (BSY414; Lygerou et al., 1994), a ProtA-
NOP1 strain (Schimmang et al., 1989) and a non-tagged wild-type strain 
were used. Figure 3.8 shows Northern hybridisation of total RNAs 
extracted from equivalent amounts of mock depleted total lysates (lanes 1, 
4, 7 and 10), immune-supernatants (lanes 2, 5, 8 and 11) and precipitated 
IgG-agarose pellets (lanes 3, 6, 9 and 12). The northern signal detected with 
an oligonucleotide against RNase MRP RNA showed that 50 to 75% of 
this RNA was co-precipitated in the pellet fraction derived from the 
ProtA-Pop3p lysate (lane 3). Since the RNase MRP and RNase P RNPs 
have been shown to share the Popip component (Lygerou et al., 1994) it 
was also tested whether Pop3p is associated with RNase P RNA. An 
oligonucleotide complementary to RNase P RNA detected more than 90% 
of the total RNase P RNA in the IgG-pellet fraction from the ProtA-Pop3p 
lysate (lane 3). The 5' and 3' extended, putative precursor of RNase P 
RNA (Lee et al., 1991a) was also co-precipitated (lane 3). In contrast, no 
precipitation of the snoRNAs U3 and U14 (lane 3) was detected with 
ProtA-Pop3p lysates. As expected, RNase MRP RNA and RNase P RNA 
were efficiently and specifically co-precipitated from the ProtA-Popip 
lysate (lane 9) (Lygerou et al., 1994) while the snoRNAs were co-
precipitated only with ProtA-Nopip (lane 12) (Schimmang et al., 1989). 
No precipitation of any RNA species was observed in the lysate derived 
from the non-tagged strain. These data show clearly that ProtA-Pop3p 
specifically and efficiently co-precipitates the RNase MRP and RNase P 
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RNAs. It is therefore concluded that Pop3p is a common protein 
component of RNase MRP and RNase P. 
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Figure 3.8: Co-precipitation of the RNase P and RNase MRP RNAs in the 
Pro tA-POP3 strain. 
Cell lysates were prepared from strains expressing ProtA-Pop3p (YBD32), 
ProtA-Popip (BSY414), ProtA-Nopip, and a wild-type strain. Immunopre-
cipitation experiments were performed as described under Materials and 
Methods and total RNA was extracted from equivalent amounts of mock-
depleted total lysates (lanes 1, 4, 7 and 10), immuno-supernatants (lanes 2, 5, 
8 and 11) and IgG-agarose pellets (lanes 3, 6, 9 and 12). RNA was separated 
on a 8% polyacrylamide/urea gel and transferred for Northern 
hybridisation. Oligonucleotides used for hybridisation are complementary 
to the RNAs indicated on the right of the figure. The upper band in the 
RNase P RNA panel represents a 5 and 3' extended form of RNase P RNA 
which is probably the precursor of the mature RNase P RNA. 
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3.2.6 Functional analysis of Pop3p in vivo 
3.2.6.1 Construction of a conditional POP3 allele 
Since Pop3p had been shown to be a component of RNase MRP and 
RNase P it was tested whether the protein is also required for the 
enzymatic activities of the RNPs. In order to functionally analyse Pop3p 
in vivo the chromosomal POP3 gene was placed under the control of the 
repressible GAL1O promoter. A linear' DNA fragment (schematically 
shown in Figure 3.9 A) was used to transform a haploid yeast strain 
(BWG1-7A). URA transformants were isolated and correct integration of 
the integration construct was confirmed by Southern analysis 
(GAL1O::pop3, YBD34) (see Materials and Methods). The GALTJO promoter 
is induced when cells are grown in galactose medium, whereas 
transcription is repressed in glucose medium. It has to be considered, 
however, that GAL regulated genes are in general heavily overexpressed 
in the presence of inducer (galactose) and that repression in glucose based 
media is often not complete (see for example, Jansen et al., 1993; 
Lafontaine et al., 1995). 
Figure 3.9 B shows growth curves obtained with a GAL1O::pop3 
strain and an otherwise isogenic wild-type strain after shift from the 
permissive, galactose to the repressive, glucose medium. During the first 
10 hours after shift to glucose medium both strains exhibited a doubling 
time of approximately 2.5 hours. At later time points the doubling time of 
the GAL10::pop3 strain steadily increased, while the wild-type control 
strain continued growth at the initial rate. After 30 hours of repression, 
the GAL1O::pop3 strain had a doubling time of 5 hours. Since the 
GAL1O::pop3 strain did not cease growth completely, repression appeared 
to be leaky. As mentioned above, repression of GAL regulated genes is 
generally not complete. 
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Figure 3.9: Construction and growth curve of a conditional 
GAL1O::pop3 strain. 
Representation of the chromosomal POP3 gene locus (not to scale) 
in the GAL1O::pop3 strain (YBD34). A LIRA3-GAL10 promoter cassette 
was inserted 20 nt. upstream of the POP3 ATG start codon, using PCR-
generated restriction sites. The linear fragment represented was target-
ed to the chromosomal POP3 gene locus in a wild-type yeast strain 
(BWG1-7A). 
Growth curve of the GAL1O::pop3 strain (YBD34, filled symbols) and 
the otherwise isogenic wild-type strain (BWG1-7A, open symbols) after 
shift from permissive, galactose medium to repressive, glucose 
medium. 
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3.2.6.2 Analysis of RNA processing in the GAL10:pop3 strain 
To analyse the effects of Pop3p depletion on pre-rRNA and pre-
tRNA processing, yeast cells from the GAL10::pop3 strain and the isogenic 
wild-type strain were harvested at regular intervals following the shift 
from galactose to glucose medium. Total RNA was extracted and analysed 
by Northern hybridisation and primer extension analyses. 
A probe complementary to the mature 5.8S rRNA species 
(oligonucleotide e; see Figure 3.1 A) reveals a clear change in the 5.8S: 
5.8SL ratio in the GAL10::pop3 strain during growth in glucose medium 
(Figure 3.10 A). The ratio of these rRNA species in wild-type strains was 
approximately 7:1 but decreased in the GALIO::pop3 strain to 3:1 after 15 
hours in glucose medium, showing under-accumulation of the major, 
short form of 5.8S rRNA (5.8S). An oligonucleotide which hybridises 
between sites A2 and A3 (oligonucleotide c) detects an aberrant precursor 
of 5.8S rRNA which is 5' extended to site A2 in ITS1, after 5 hours of 
Pop3p depletion (Figure 3.10 B, upper panel, lanes 4-6). The accumulation 
of this rRNA species would be predicted if pre-rRNA processing at site A3 
is inhibited while cleavage at site A2 and processing in ITS2 continue. In 
contrast, no clear changes in the levels of the normal 7S precursor (5.8S 
rRNA which is 3' extended to site C2 in ITS2) were observed in the 
GAL1O::pop3 strain (Figure 3.10 B, lower panel). These results indicate that 
A3 cleavage is inhibited in the Pop3p depleted strain. 
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Figure 3.10: Pop3p depletion inhibits pre-rRNA processing. 
Equal amounts of total RNA obtained from a wild-type strain (BWG1-7A) 
after growth on galactose medium (lane 1) or following growth for 25 hours 
on glucose medium (lane 2), as well as RNA from the GALIO::pop3 strain 
(YBD34) after growth on galactose medium (lane 3), or following growth on 
glucose medium for 5 hours (lane 4), 10 hours (lane 5) and 15 hours (lane 6), 
were separated on a 8% polyacrylamide gel containing 8.3 M urea and trans-
ferred for Northern hybridisation. 
Hybridisation with oligonucleotide e (see Fig. 3.1) against the mature 
5.8S rRNA species. The ratio of the steady-state levels of 5.8Ss: 5.8SL has 
been quantitated with a phosphor-imager (Molecular Dynamics) and the val-
ues obtained are indicated. 
Hybridisation with oligonucleotide c (see Fig. 3.1) complementary to a 
region of ITS1 between sites A2 and A3 (upper panel), and oligonucleotide f 
(see Fig. 3.1) complementary to the 5' region of ITS2 (lower panel). In the 
upper panel an aberrant 5.8S pre-rRNA molecule is detected which is 5' 
extended to site A2 in ITS1. The lower panel shows the normal 7S rRNJA pre- 
cursor which represents 5.8S rRNA 3' extended to site C 2 in ITS2. 
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To evaluate the levels of A3 cleavage during Pop3p depletion, 
primer extension analysis was performed using oligonucleotide f (see 
Figure 3.1 A) on total RNA from the GALJO::pop3 strain and the 
otherwise isogenic wild-type strain. Oligonucleotide f is complementary 
to the pre-rRNA in ITS2, 5' of cleavage site C2 and primer extension 
products detect the levels of pre-rRNAs processed at B1L, Bls and at 
cleavage sites within ITS1. Figure 3.11 B shows that pre-rRNA processing 
at site A3 was reduced several-fold after 10 hours of growth in glucose 
medium (lanes 3-6). The primer extension stop at site Bls was also 
reduced (Figure 3.11 A, lanes 3-6), in agreement with the under-
accumulation of 5.8S. The stop at site B1L was clearly increased after 10 
hours in glucose (lanes 3-6) and a displacement by one nucleotide 5' was 
observed (lanes 3-6). The basis of this displacement is unclear, but it was 
also observed in strains carrying mutations in POP1 and RRP2 and is 
therefore diagnostic of a loss of RNase MRP activity. In contrast, the 
primer extension stop at site A2 was not affected in the GAL10::pop3 strain 
(Figure 3.11 A, lanes 3-6). 
Northern hybridisation and primer extension analysis was also 
performed to test for defects in other steps of the pre-rRNA processing 
pathway. However, no alteration in the level of pre-rRNA cleaved at A0 
was observed and the levels of the other pre-rRNA species, 35S, 32S, 
27SA2 or 20S and mature rRNAs 18S and 25S were also unaffected by 
Pop3p depletion (not shown). Pop3p is therefore specifically required for 
the cleavage of the pre-rRNA at site A3. The pre-rRNA processing 
phenotype of the Pop3p depleted strain resembles that observed in strains 
depleted of the RNA component of RNase MRP or carrying the rrp2-1 
mutation (Lindahl et al., 1992; Schmitt and Clayton, 1993; Shuai and 
Warner, 1991) and in strains carrying the popl-i mutation (Lygerou et al., 
1994). 
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Figure 3.11: Primer extension analysis through site A3. 
Primer extension analysis was performed, employing oligonucle-
otide f (see Fig. 3.1) which hybridises 5' of site C 2 in JTS2. Total RNA 
derived from the GAL IO::pop3 strain and the isogenic wild-type strain 
was used as described in the legend of figure 3.10 (in the same lane 
order). The processing sites revealed as major primer extension stops 
are indicated on the right. DNA sequencing reactions on a wild-type 
rDNA plasmid using the same primer are indicated. 
Over-exposure of a region from the autoradiogramm presented 
above, in order to visualise the weaker primer extension stop at site A3. 
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The effects of Pop3p depletion on pre-tRNA processing were also 
assessed. A Northern blot was probed with an oligonucleotide 
complementary to the mature form of tRNAr  (Figure 3.12 A/B). As early 
as 5 hours after transfer to glucose medium the pre- tRNA primary 
transcript strongly accumulates, as does the processing intermediate 
which is spliced but 5' and 3' unprocessed (+5', 3t);  the lower band which 
also accumulates may represent a 5' unprocessed, 3' trimmed species. In 
contrast, the pre-tRNA species which is 5' and 3' mature but non-spliced 
(+IVS) is depleted (Figure 3.12 A). Following 10 hours of growth in 
glucose medium, the level of mature tRNA is also reduced in the 
GALJO::pop3 strain (Figure 3.12 B). The reduction in the level of mature 
tRNA is comparable to the reduction in the ratio of mature 5.8SS:5.8SL 
rRNA (Figure 3.10 A). The analysis of two other spliced tRNAs, tRNA TfP 
(Figure 3.12 FIG) and tRNA G (Figure 3.12 C+D), a non spliced tRNA, 
tRNA G (Figure 3.12 H) and a dimeric tRNA transcript, tRNA- tRNA 
(Figure 3.12 E) showed that the processing defects observed for these 
tRNA species were consistent with the results obtained from tRNA. The 
level of mature tRNAs were strongly reduced after 10 to 15 hours of 
Pop3p depletion and 5' and 3' unprocessed pre-tRNA5 accumulated. This 
shows that the phenotype observed in the GAL1O::pop3 strain is not 
restricted to certain tRNA species. Pop3p is therefore required for the 5' 
and 3' processing of pre-tRNA5. The pre-tRNA processing phenotype of 
the Pop3p depleted strain resembles that observed in strains carrying 
mutations in the RNA component of RNase P (Lee et al., 1991a) and in 
the Popip component (Lygerou et al., 1994). 
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Figure 3.12: Pop3p depletion inhibits pre-tRNA processing. 
Northern hybridisation using an oligonucleotide complementary to 
the mature tRNA . Total RNA derived from the GAL 1O::pop3 strain and 
the isogenic wild-type strain was used as described in the legend of figure 
3.10 (in the same lane order). The RNA was separated on a 6 % polyacry-
lamide gel containing 8.3 M urea, transferred to a Hybond N filter and 
hybridised. The positions of the primary transcript of tRNA Leu as well as 
the 5' and 3' processed but non-spliced precursor (+ IVS), the spliced but 
5' and 3' unprocessed precursor (+ 5', + 3') and the mature tRNAU, are 
indicated on the right. 
Shorter exposure of a region of the autoradiogramm shown above in 
order to visualise the under-accumulation of mature tRNA after 10 to 
15 hours of Pop3p depletion (lanes 5 and 6). 
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Figure 3.12: Pop3p depletion inhibits pre-tRNA processing (continued). 
Northern hybridisation using oligonucleotides complementary to the indicat-
ed RNAs (see below). Total RNA derived from the GALIO::pop3 strain and 
the isogenic wild-type strain was used as described in the legend of figure 
3.10 (in the same lane order). The positions of the primary transcripts, the 5' 
and 3' processed but non-spliced precursors (+ IVS), the spliced but 5' and 3' 
unprocessed precursors (+ 5', + 3') and the mature tRNAs are indicated. 
Probed against mature tRNA G 
Shorter exposure of mature tRNA from (C); 
Probed against mature tRNAof the dimeric tRNA-tRNA transcript; 
Probed against mature tRNA TrP 
Shorter exposure of mature tRNA from (F); 
Probed against mature tRNA 0 . 
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3.2.6.3 Pop3p depletion does not affect biogenesis or stability of the MRP 
and P RNPs 
Components of ribonucleoprotein particles are sometimes required 
for the biogenesis or stability of the complex. The snRNPs involved in 
pre-mRNA splicing require the common Sm proteins for their biogenesis 
(for review see Mattaj et al., 1993b) and the U6 snRNA requires the 
snRNP proteins Prp3p, Prp4p, Prp6p and Prp24p for its stability (Blanton et 
al., 1992). Therefore the levels of RNase MRP and RNase P RNA were 
determined during Pop3p depletion (Figure 3.13). No decrease in the 
levels of the RNA components of RNase MRP or RNase P was observed. 
Constant levels of the snoRNAs U3 and U14 were also observed in the 
GAL IO::pop3 strain (Figure 3.13). This strongly indicates that the loss of 
RNase MRP and RNase P functions is not a consequence of a requirement 
for Pop3p in the biogenesis or stability of either particle. Pop3p is, 
therefore, required for the function of the RNase MRP and RNase P RNPs 
in vivo. 
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Figure 3.13: Steady-state levels of RNase MRP RNA, RNase P 
RNA and the snoRNAs U3 and U14 during Pop3p depletion. 
Total RNA derived from the GALJO::pop3 strain and the isogenic 
wild-type strain was used as described in the legend of figure 3.10 
(in the same lane order), separated on a 8% polyacrylamide gel 
containing 8.3 M urea, transferred for Northern hybridisation and 
probed with oligonucleotides complementary to the RNA species 
indicated on the right. 
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3.2.6.4 Pop3p overexpression does not rescue the biochemical phenotype 
of the rrp2-1 mutation 
POP3 and SNMI overexpression suppress the ts lethality of the 
rrp2-1 mutation (Schmitt and Clayton, 1994, and above). It was therefore 
interesting to test, whether those genes also suppress the biochemical 
phenotype of rrp2-1, i.e. loss of pre-rRNA cleavage at site A 3. The level of 
the 27SA3 pre-rRNA was analysed by primer extension on RNA extracted 
from an rrp2-1 strain in which the POP3 gene is present on a high copy 
number plasmid, following growth at 34°C (Figure 3.14 A). Although the 
rrp2-1 growth defect is fully suppressed by POP3 at this temperature 
(Figure 3.6 B), the level of the 27SA3 RNA is not detectably increased. 
Similarly, the ratio of 5.8SS:5.8SL is also only slightly increased in the rrp2-
1 strain by over-expression of POP3 (Figure 3.14 B). These observations are 
consistent with the previous report (Henry et al., 1994), reviewed by 
(Tollervey, 1996a) that the essential function of RNase MRP is not the 
cleavage of pre-rRNA at site A3. In contrast, over-expression of Snmlp 
does increase the level of the 27SA3 pre-rRNA (Figure 3.14 A) and 
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Figure 3.14: POP3 is not an efficient suppressor of the A 3 processing 
defect of rrp2-1. 
(previous page) Primer extension analysis through site A 3 using 
oligonucleotide f (see Fig. 3.1) on total RNA derived from the indicat-
ed yeast strains which were grown at 23°C (lanes 1-4) and shifted to 
34 °C for 6 hours (lanes 5-8) respectively. RRP2 (YBD3, lanes 1 and 5) 
is an otherwise isogenic wild-type strain of the rrp2-1 mutant strain 
(YBD2, lanes 2 and 6). pPOP3 (YBD20, lanes 3 and 7) and pSNM1 
(YBD21, lanes 4 and 8) indicate the over-expression (m.c. = 
multicopy) of these proteins in the rrp2-1 mutant strain (YBD2). The 
processing sites revealed as major primer extension stops are indicat-
ed on the left. 
Total RNA derived from yeast strains YBD3 (lanes 1 and 5), YBD2 
(lanes 2 and 6), YBD20 (lanes 3 and 7) and YBD21 (lanes 4 and 8) as 
described under (A) was separated on a 8% polyacrylamide gel con-
taining 8.3 M urea, transferred to a Hybond N filter and probed with 
an oligonucleotide against the mature form of 5.8S rRNA (probe e, see 
Fig. 3.1). The ratio of the steady state levels of 5.8Ss: 5.8SL has been 
quantitated with a Phosphor Imager (Molecular Dynamics) and the 
obtained values are indicated. 
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3.2.7 Pop3p has RNA binding activity 
In order to further investigate the structure-function relationship 
between Pop3p and the RNase MRP and RNase P RNPs the ability of 
Pop3p to bind directly to the RNA components of the particles was 
assessed. For this purpose streptavidin pull down experiments were 
performed using in vitro translated 35S-labelled Pop3p and biotinylated 
MRP and P RNAs (see Materials and Methods). The results of these assays 
showed that Pop3p has RNA binding activity (Figure 3.15). Pop3p could 
clearly be coprecipitated with the biotinylated MRP and P RNAs (Figure 
3.15 A, lanes 2,3 , 8 and 9). No coprecipitation of Pop3p with biotinylated 
U6 RNA was observed (lanes 5 and 6). In contrast to U6 RNA, binding of 
Pop3p to U2 RNA was detected (lanes 11 and 12). This indicated that the 
detected RNA binding activity of Pop3 was unspecific under the 
conditions employed. This was confirmed with competition experiments 
shown in figure 3.15 B. Pop3p binding to biotinylated RNase P RNA could 
be competed out equally efficiently using either unlabelled RNase P RNA 
as specific competitor RNA or unlabelled SNMJ mRNA as an unspecific 
competitor RNA. The salt concentration used in the experiment described 
above was 90 mM KC1. However, when the KC1 concentration was 
reduced to 60 mM the amount of Pop3p bound to U2 RNA was clearly 
lower compared to the binding of Pop3p to RNase P RNA (Figure 3.16 B, 
compare lanes 2 and 6). 
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Figure 3.15: Pop3p has RNA binding activity. 
Coprecipitation of in vitro translated 35S-labelled Pop3p with biotinylat-
ed RNAs using streptavidin beads (see Materials and Methods); binding 
reactions were performed in the absence (-) and presence of increasing 
amounts (+ = 250 ng; ++ = 500 ng) of biotinylated RNase P, U6, RNase 
M.RP and U2 RNAs (all binding reactions contained 2 jig E.coli tRNA and 
were performed in a final KC1 concentration of 90 mM). Proteins which 
were coprecipitated with streptavidin were separated by SDS-PAGE on a 
12% gel and detected by autoradiography. Migration of molecular weight 
markers is indicated. 
Coprecipitation of in vitro translated 35S-labelled Pop3p bound to bioti-
nylated RNase P RNA (500 ng) using streptavidin beads; binding reactions 
were performed in the absence (-) and in the presence of increasing 
amounts of unlabelled RNase P RNA (250 ng to 2 jig, lanes 2 to 5) and 
increasing amounts of unspecific SNM1 mRNA transcript (250 ng to 2 jig, 
lanes 6 to 9) (all reactions contained 2 pg E.coli tRNA and were performed 
in a final KC1 concentration of 90 mM); proteins were separated and detect-
ed as described under (A). 
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Some initial experiments were also performed to define the site of 
Pop3p binding to RNase P RNA. For this purpose simple deletion 
mutants of the construct encoding the RNase P RNA were produced. 
Figure 3.16 A shows schematically the regions of RNase P RNA which 
were deleted using internal BamHI, Styl and AatII sites. The resulting 
mutant RNase P RNAs were then tested for Pop3p binding as described 
above, in the presence of 60 mM KC1. Pop3p showed strong binding to 
RNase P RNA which contained deletions of the 5' region of the RNA 
(lanes 3 and 4). Unexpectedly the amount of Pop3p bound to the 5' 
deletion mutants was significantly larger compared to the full-length 
RNA (lane 2). In contrast, Pop3p binding was reduced to approximately 
the same level detected with U2 RNA (lane 6), when the very 3'end of the 
RNA was deleted (Del-AatII, lane 5). These results indicate that Pop3p 
contacts RNase P RNA at the 3' end region or that this region of the RNA 
was required for Pop3p binding to occur. These experiments were not 
carried further from this point since I decided to concentrate on the 
synthetic lethal interaction that was identified between rrp2-1 and ha12-1 
(see chapter 4). 
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Figure 3.16: The 3' end of RNase P RNA is required for Pop3p binding. 
Schematic representation of the putative RNase P RNA precursor. 
+1 and +369 indicate the first and the last nucleotide of the major RNase P 
RNA, respectively. Deletion mutations produced are indicated; 
Del-BamHI contains a 5 deletion of the RNase P RNA to the Bami-il site, 
Del-Styl contains a 5' deletion of RNase P RNA to the Styl site and 
Del-AatlI contains a 3' deletion of RNase P RNA to the AatII site. 
Coprecipitation of in vitro translated 35S-labelled Pop3p with 
biotinylated RNAs using streptavidin beads (see Materials and Methods; 
binding reactions were performed in the absence of RNA (lane 1) and in 
the presence of biotinylated RNase P RNA (lane 2), Del-BamHI RNA (lane 3), 
Del-Styl RNA (lane 4), Del-AatH RNA (lane 5), and U2 RNA (lane 6) 
(all binding reactions contained 2 jig E.coli tRNA and were performed in a 
final KC1 conctentration of 60 mM). Proteinswhich were coprecipitated 
with streptavidin were seperated by SDS-PAGE on a 12% gel and detected 
by autoradiography. Migration of molecular weight markers is indicated. 
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3.3 Discussion 
3.3.1 Cloning of the POP3 gene, a suppressor of the rrp2-1 allele 
A genetic screen has been performed to identify novel proteins 
which physically and/or functionally interact with RNase MRP RNA or 
the RNase MRP particle. Fifteen mutant strains were obtained which are 
synthetically lethal with a ts mutation in the RNA component of RNase 
MRP. POP3 was isolated from four independent sl strains in genomic 
clones which restored a sectoring phenotype to the mutant strains. The 
POP3 gene furthermore complements the sl phenotype of ten of the 
eleven remaining strains. 
All of the strains in which sectoring is restored by the POP3 gene 
also show a sectoring phenotype when transformed with the SNM1 gene. 
SNM1 was isolated as a multicopy suppressor of the rrp2-1 allele (Schmitt 
and Clayton, 1994) but also acts as a suppressor when expressed from a 
centromeric plasmid. This suggested that POP3 might also be acting as a 
low-copy suppressor of the rrp2-1 allele in the si mutant background, 
rather than complementing the sl mutation itself. That this is the case has 
been shown at least in the case of SL311, which carries the wild-type POP3 
genomic allele. POP3 is indeed a weak suppressor of the ts lethality of the 
rrp2-1 mutation when expressed from a single copy plasmid and when 
present on a high copy number vector, POP3 gives good suppression at 
34°C but not at 37°C. This explains why the POP3 gene was not identified 
in a previous screen for multicopy suppressors of the rrp2-1 mutation at 
37°C (Schmitt and Clayton, 1994). 
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3.3.2 Pop3p is associated with RNase MRP and RNase P 
Consistent with the identification of POP3 as a suppressor of the 
rrp2-1 allele, co-immunoprecipitation of RNase MRP with ProtA-Pop3p 
showed that Pop3p is physically associated with the RNP in vivo. The 
efficiency of co-precipitation of the RNase MRP RNA is approximately 50-
75%. Furthermore, RNase P RNA, as well as a putative 5' and 3' extended 
RNase P RNA precursor are very efficiently (more than 90%) co-
precipitated with ProtA-Pop3p. This demonstrates that Pop3p is, like 
Popip, common to RNase MRP and RNase P. The lower efficiency in co-
precipitation of RNase MRP RNA compared to RNase P RNA might be 
due to sterical constraints in the accessibility of the protein A moiety in 
the RNase MRP particle or could be attributed to a less stable association 
of ProtA-Pop3p with RNase MRP. 
RNA binding experiments were carried out to determine whether 
Pop3p interacts directly with the RNase MRP and RNase P RNAs. Pop3p 
binding could be detected with RNase MRP RNA, RNase P RNA and U2 
RNA. Therefore, Pop3p showed inherent and unspecific RNA binding 
activity. However, decreasing of the salt concentration of the binding 
reaction from 90 mM KC1 to 60 mM KC1 significantly increased the 
amount of Pop3p bound to MRP and P RNAs compared to U2 RNA. 
Initial experiments with deletion mutants of RNase P RNA 
indicate that Pop3p binding is strongly reduced in the absence of the 3' end 
of RNase P RNA. Deletion mutants of 5' regions of P RNA (Del-BamHI 
and Del-Styl) allowed strong binding of Pop3p. Since the Del-Styl mutant 
lacks residues which are involved in formation of the highly conserved 
pseudoknot structure it seems likely that Pop3p binding to P RNA does 
not require tertiary structure. Instead, recognition of P RNA might occur 
through a primary structural element located at the 3' end of the RNA. 
Further experiments would be required to clearly show that Pop3p is 
124 
Chapter 3 	 Pop3p is essential for RNase MRP and P activity 
directly interacting with P RNA (and also MRP RNA) and to show how 
this interaction occurs. 
3.3.3 Pop3p is required for RNase MRP and RNase P activity in vivo 
Depletion of Pop3p in vivo results in inhibition of the functions of 
both RNase MRP and RNase P. The major pre-rRNA processing pathway, 
which leads to the formation of the 5.8SS rRNA, requires 
endoribonucleolytic cleavage by RNasé MRP (Lygerou et al., 1996a). 
Previously described mutants in the MRP RNA (Chu et al., 1994; Lindahl 
et al., 1992; Shuai and Warner, 1991) and the Popip (Lygerou et al., 1994) 
component of RNase MRP result in inhibition of this cleavage event. 
This analysis shows that depletion of Pop3p results in a phenotype which 
is consistent with the inhibition of RNase MRP function. Pre-rRNA 
cleavage at site A3 is specifically inhibited resulting in an altered ratio of 
the 5.8S S: 5.8SL rRNAs and the accumulation of an aberrant pre-rRNA 
molecule which is 5' extended to site A2 in ITS1. Likewise, mutants in the 
RNA (Lee et al., 1991) or Popip protein component (Lygerou et al., 1994) of 
RNase P show a tRNA processing phenotype which resembles the 
depletion phenotype of the GAL10::pop3 strain. Pre-tRNAs accumulate 
which are 5' and 3' unprocessed while pre-tRNA splicing continues. This 
demonstrates that Pop3p is not only physically associated with both 
particles, but is also required for the in vivo functions of both enzymes. 
3.3.4 General discussion 
What role does Pop3p play in the complexes? Pop3p is not simply 
required for the stability or the maturation of the RNP complexes or RNA 
components, since depletion of the protein does not affect the cellular 
levels of either RNA component. However, it can not be excluded that 
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Pop3p might have a role in the correct cellular localisation of the RNPs. 
The Pop3p depletion phenotype appears to be stronger for pre-tRNA 
processing compared to pre-rRNA processing. This suggests that Pop3p 
may play a more crucial role in RNase P function compared to RNase 
MRP function and makes a general role of Pop3p in the localisation of 
both particles less probable. 
The POP3 gene is essential for cell viability, as is the case for all 
protein or RNA components which have been identified as constituents 
of either RNase MRP or RNase P. The role of RNase P in the maturation 
of the 5' end of all tRNAs is clearly essential (Altman et al., 1993). This is 
not the case for RNase MRP. The cleavage of pre-rRNA at site A3 is a non-
essential event since cells which lack A3 cleavage due to a mutation in cis 
deleting the cleavage site are viable (Henry et al., 1994). The reported 
function of RNase MRP in mitochondrial DNA replication is also non-
essential since yeast cell lacking mitochondrial DNA are viable. It seems 
therefore reasonable to predict that there is another, so far unidentified 
function for the RNase MRP enzyme. This is supported by the 
observation that the over-expression of the POP3 gene in a rrp2-1 ts strain 
at 34°C restores cell viability but does not restore A3 cleavage. 
The Pop3p protein does not exhibit significant similarity to any 
known protein. In eubacteria and archaebacteria RNase P contains a single 
protein of approximately 14 kDa (Altman et al., 1993). The mitochondrial 
RNase P from S. cerevisiae also requires only a single protein component 
(Rpm2p) of 100.5 kDa for its activity (Dang and Martin, 1993; Morales et 
al., 1992). In eukaryotes, however, at least four proteins are required for 
nuclear RNase P function (Popip, Pop3p, Pop4p and Rpplp). This is 
surprising, since biochemici1 purification of nuclear RNase P activity 
from S. pombe resulted in the co-purification of RNase P RNA and a 
single 100 kDa protein (Zimmerly et al., 1993) which is similar in size to 
yPopip and hPoplp (Lygerou et al., 1996b). 
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The identification of Pop3p as a common protein subunit of the 
RNase MRP and RNase P ribonucleoproteins strongly supports the 
hypothesis that both particles are closely related in evolution (Morrissey 
and Tollervey, 1995). Although the primary sequences of the MRP and P 
RNAs are not well conserved they clearly have similar predicted 
secondary structures (Forster and Altman, 1990). These common 
structural features are likely to underlie the overlaps observed in the 
function of the particles in vitro (see Final Discussion). 
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4.1 Introduction 
In chapter 3 the isolation of mutant yeast strains is described which 
are si in combination with a point mutation in the RNA component of 
RNase MRP RNA (rrp2-1). This chapter describes the characterisation of 
the si strain SL158. Complementation of the cs phenotype of this si 
mutant strains identified a mutation in the HAL2 gene that is si in 
combination with rrp2-1. 
The HAL21MET22 gene has previously been identified in two 
independent genetic screens; as a mutation leading to methionine 
auxotrophy (Masselot and de Robichon-Szulmajster, 1975) and as a gene 
which confers salt tolerance to yeast upon overexpression (Glaser et al., 
1993). Further characterisation showed Hal2p to be a 3'(2'),5' bisphosphate 
nucleotidase which is required for the turnover of a side-product of 
sulphate assimilation, adenosine 3',5' bisphosphate (pAp) (MurguIa et al., 
1995). 
Sulphate assimilation in S. cerevisiae is initiated by the production 
of adenosine 5'-phosphosulphate (ApS) from ATP and sulphate (see 
Figure 4.1). This is followed by phosphorylation of ApS forming 3'-
phosphoadenosine, 5'-phosphosulphate (pApS). A subsequent pApS 
reductase reaction then yields sulphite and pAp. Sulphite is further 
reduced to sulphide which is incorporated into homocysteine which can 
be metabolised to methionine, one end product of sulphate assimilation 
(Thomas et al., 1989). The methionine auxotrophy of HAL2 mutants is 
not, however, simply due to the inhibition of sulphate assimilation since 
the auxotrophy cannot be relieved by inorganic sulphur sources such as 
sulphite or sulphide, even though the strains do posses all the enzymatic 
activities required for methionine synthesis (Murgula et al., 1995; Peng 
and Verma, 1995; Thomas et al., 1992). It was therefore proposed that the 
accumulation of pAp in strains lacking Hal2p activity is toxic to the cell 
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activity is toxic to the cell (MurguIa et al., 1995), although the target of pAp 
inhibition was not identified. The role of methionine would then be to 
repress the sulphate assimilation pathway, thus reducing synthesis of 
pAp. The synthesis of enzymes required for sulphate assimilation (e.g. 
ATP sulfurylase that catalyses the first step in sulphate assimilation) is 
strongly repressed by exogenous methionine in wild-type strains (Cherest 
et al., 1971). 
Analysis of the biochemical phenotype of hal2 mutant strains led to 
the conclusion that another si interaction, between the exonuclease Xrnlp 
(xml-A) and RNase MRP (rip2-1), is the basis of the sl interaction between 
rrp2-1 and hal2-1. This arises because the accumulation of pAp (the 
substrate of Hal2p) in the hal2-1 mutant inhibits Xrnlp activity. 
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Figure 4.1: Schematic representation of the sulphate assimilation pathway 
in Saccharomyces cerevisiae and the role of Hal2p. 
Adenosine 5'-phosphosulphate (ApS) is synthesized from ATP and sulphate 
by a suiphokinase reaction. This is followed by phosphorylation of ApS by 
ApS-kinase forming 3'-phosphoadenosine, 5'-phosphosulphate (pApS). Sub-
sequently pApS reductase produces sulphite and pAp. Sulphite is further 
reduced to sulphide which is incorporated into homocysteine which can be 
metabolized to methionine, one end product of sulphate assimilation. Accu-
mulation of pAp in strains lacking Hal2p activity has been proposed to be 
toxic to the cell although the target of pAp inhibition was not identified. 
Methionine auxotrophy of ha12 mutant strains can be explained through the 
requirement of methionine in strains lacking Hal2p activity in order to 
repress the sulphate assimilation pathway, thus reducing synthesis of pAp. 
The synthesis of enzymes required for sulphate assimilation (e.g. All? sul-
phurylase that catalyses the first step in sulphate assimilation) is strongly 
repressed by exogenous methionine in wild-type strains. 
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4.2 Results 
4.2.1 Synthetic lethality with RNase MRP identifies IIAL2 
In section 3.2.1 a genetic screen is described for mutants which are si 
with a point mutation in the RNA component of RNase MRP RNA 
(rrp2-1). Fifteen si mutant strains were isolated and one strain, SL158, 
displayed a tight cold sensitive (cs) phenotype. Assuming that the si and cs 
mutations of strain SL158 are allelic the gene causing the cs phenotype 
was cloned by complementation. To reduce background genetic effects of 
the mutagenesis, strain SL158 was first back-crossed twice to the parental 
strain CH1305, selecting for cold sensitivity. The cs phenotype always 
showed a 2:0 segregation, indicating that it is due to a single mutation. 
The outcrossed cs strain YBD105 was then transformed with a centromeric 
yeast genomic library (Berges et al., 1994) and plates were incubated at 
18°C. Library plasmids from eight independent non-cs yeast 
transformants were then rescued into E. coli. The sequences of the ends of 
the insert in one library plasmid (pBD36) were determined using 
oligonucleotides complementary to the polylinker region, revealing that 
this plasmid contained a region of chromosome XV (Figure 4.2). pBD36 
was then used to produce subclones of the insert region (Figure 4.2). The 
smallest subclone (2.3 kb Saci-Spel fragment) which was obtained and 
which restored growth of strain YBD105 at 18°C contained the 
HAL21MET22 gene (see also Materials and Methods). PCR analysis of the 
other seven rescued library plasmids using oligonucleotides 
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Figure 4.2: HAL2 complements both the cs and the si phenotype of 
SL158. 
Library plasmid pBD36 (clone 1) was used to produce subclones of the 
chromosomal region. Two of the obtained subclones (2 and 5) comple- 
mented both the cs phenotype and the si phenotype of SL158 when 
reintroduced into this strain on a plasmid carrying the LEU2 marker 
gene. The smallest complementing fragment obtained (2.3 kb Saci-Spel 
fragment, clone 5) contained only one complete open reading frame, 
the HAL21MET22 gene. + and - indicates complementation of the indi-
cated phenotype. n.d. means not determined. 
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Due to the si mutation, growth of strain SL158 is dependent on the 
presence of a plasmid that carries a wild-type copy of the RRP2 gene, as 
well as the URA3 and ADE3 marker genes (pBD1). Since this strain 
contains a functional URA3 gene, on pBD1, it is not viable on medium 
containing the toxic uracil analogue 5-fluoroorotic acid (5-FOA). 
Complementation of the si phenotype permits loss of the RRP2 gene on 
pBD1 and therefore allows growth in the presence of 5-FOA. Figure 4.3 
shows that strain SL158 was able to grow on medium containing 5-FOA 
when transformed with plasmids which carry the LELI2 marker and 
either HAL2 (pBD45) or RRP2 (pBD4). HAL2 therefore complemented 
both the cs and si phenotypes, strongly indicating that these are due to the 
same mutation. 
Overexpression of two protein components of RNase MRP, Snmlp 
and Pop3p, can suppress the rrp2-1 allele (Chapter 3.2.4; Schmitt and 
Clayton, 1994). Plasmids carrying SNM1 (pBD11) or POP3 (pBD10) allowed 
growth of SL158 on medium containing 5-FOA showing that they 
suppressed the sl phenotype. However, neither these genes nor RRP2 
(pBD4) were able to complement the cs phenotype of SL158 (Figure 4.3). 
Neither a plasmid carrying the POPI gene (pBD15), which encodes 
another protein component of RNase MRP (Lygerou et al., 1994), nor the 
vector alone (pRS415) suppressed the cs or si phenotypes. 
Yeast strains mutant in HAL21MET22 have been reported to be 
auxotrophic for methionine (Masselot and de Robichon-Szulmajster, 
1975). Figure 4.3 shows that SL158 was indeed nonviable on medium 
lacking methionine and this phenotype was complemented only by the 
HAL2 gene. Moreover, cold-sensitivity, auxotrophy for methionine and 
exonuclease inhibition (see below) cosegregated in three tetrads analysed 
from a diploid strain which was recovered from the second consecutive 
back-cross between SL158 and CH1305. It was therefore concluded that the 
cs mutation in strain SL158 lies in the HAL2 gene. The mutant allele has 
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been designated ha 12-1. Furthermore, it was concluded that ha12-1 is si 
with rrp2-1. 
Figure 4.3: ha 12-1 is synthetically lethal with rrp2-1 (next page). 
Strain 5L158 carrying the RRP2-LIRA3-ADE3 vector (pBD1) was 
cotransformed with plasmids RRP2-LELI2-CEN (pRRP2), empty vector 
(pRS415), POP1-LELI2-CEN (pPOP1), POP3-LELI2-2 1u (pPOP3), SNM1-LELI2- 
21 (pSNM1) and HAL2-LELI2-CEN (pHAL2). The resulting strains were 
streaked on SD -URA plates and incubated at 25°C (A) or 18°C (C). Plates 
containing 5-FOA (B) and plates minus uracil and methionine (D) were 
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4.2.2 HAL2 is a non-essential gene 
It has been reported previously that HAL2 is a non-essential gene 
(Gläser et al., 1993). However, a cold-sensitive lethal allele of this gene was 
isolated (section 4.2.4) and it has been reported previously that over-
expression of the HAL2 gene suppresses salt-toxicity (Gläser et al., 1993). A 
priori one would expect that only overexpression of the most salt-
sensitive essential gene would suppress lethality (chapter 5). It was 
therefore tested again, in a different strain background, whether HAL2 is 
essential for viability or not. A one-step PCR method (Figure 4.4 A, see 
Materials and Methods) was used to disrupt the HAL2 gene with the HIS3 
marker gene in a diploid yeast strain which carries a total deletion of the 
HIS3 locus. Correct integration of the HIS3 marker gene at the HAL2 locus 
was confirmed by Southern blot analysis. From one heterozygous diploid 
strain tetrads were dissected, most of which gave rise to four viable spores. 
It was therefore concluded that the HAL2 gene is indeed non-essential for 
cell viability. One complete tetrad obtained was then used for further 
analysis. Correct integration of the HIS3 gene at the HAL2 locus in two 
strains of the tetrad was confirmed by Southern blot analysis (Figure 4.4 
B). The hal2::HIS3 mutant strains (hal2-z1) were auxotrophic for 
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Growth on SD -His: - + + - 
Growth on SD -Met: + - - + 
Growth at 18°C: + - - + 
Figure 4.4: HAL2 is non-essential. 
Schematic representation of the HAL2 chromosomal locus and 
replacement of the HAL2 gene with the HIS3 marker using a one-step 
PCR method (see Materials and Methods). 
Southern blot analysis of one complete tetrad recovered from a 
diploid strain carrying the hal2::HIS3 disruption. Methionine and his-
tidine auxotrophies as well as cold sensitivity of the resulting strains 
are indicated. 
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4.2.3 hal2 mutant strains are cold-sensitive 
Although the HAL2 gene is non-essential for cell viability, 
mutations in this gene give rise to a cs lethal phenotype. Figure 4.5 shows 
growth curves of both the hal2-1 (YBD105) and ha12-A (YBD128) mutant 
strains. The strains, carrying either empty vectors or the complementing 
HAL2 gene on a single copy vector, were grown in synthetic minimal 
media at 30°C to mid-exponential phase and shifted to the non-
permissive temperature, 18°C. Both h02 mutant strains which were 
complemented by a plasmid borne copy of HAL2 kept on growing 
exponentially after shift to 18°C (doubling time approximately 5.6 hours). 
The ha12-zi strain, in contrast, was impaired in growth as early as 5 hours 
after the shift to 18°C. After 25 hours at the non-permissive temperature 
this strain had a doubling time of 22 hours. The hal2-1 mutant strain 
displayed growth impairment approximately 9 hours after the shift to 
18°C and increased its doubling time to 22 hours after 25 hours at 18°C. 
The onset of the cs phenotype was therefore slightly faster in the hal2-A 
mutant compared to the hal2-1 mutant. The final growth rate at 18°C was, 
however, comparable. ha12 mutant strains therefore appear to be 
genuinely cs. This confirms the conclusions described above, that the cs 
phenotype of strain SL158 is indeed due to a mutation in the HAL2 gene 
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Figure 4.5: hal2 mutant strains are cold sensitive. 
Growth curves of the hal2-1 mutant strain (YBD105) and the 
ha12-4 strain (YBD128) carrying either an empty vector (pRS415) 
or complemented by the HAL2 gene on plasmid pBD45. The 
strains were grown in SD-Leu medium at 30°C and shifted to 
the non-permissive temperature, 18°C, at the zero time point. 
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4.2.4 HAL2 mutant strains accumulate rRNA spacer fragments and pre-
snoRNAs 
Yeast strains carrying the rrp2-1 ts allele show strong inhibition of 
pre-rRNA cleavage at site A3 at 25°C and are nonviable at 37°C (Lindahi 
et al., 1992; Lygerou et al., 1994; Shuai and Warner, 1991). In an attempt to 
understand the molecular basis of the sl interaction between the rrp2-1 
and hal2-1 alleles, pre-rRNA processing was analysed in hal2-1 and hal2-zS 
strains. For this purpose yeast culture were grown at 30°C to mid-
exponential phase and then shifted to the non-permissive temperature 
(18°C) by dilution in pre-cooled medium. At regular time points yeast 
cells were harvested and total RNA was extracted. The RNAs were 
separated on 10% denaturing polyacrylamide gels, transferred to Hybond 
N filters and analysed by Northern hybridisation. Due to the observed 
genetic interaction between HAL2 and RRP2 it seemed possible that the 
ha12 mutant strains show defects in pre-rRNA processing which could 
resemble the processing defects observed in rrp2-1 mutant strains. 
Unexpectedly it was observed, however, that certain spacer fragments of 
the pre-rRNA strongly accumulated in the ha12 mutant strains (see 
below). Other work in the laboratory at the time indicated that these 
spacer fragments are turned over by the 5'->3' exoribonucleases Xrnlp and 
Ratip (Petfaiski et al., 1998). Therefore total RNAs were analysed in 
parallel which were obtained from strains carrying mutations in the 5'->3' 
exoribonucleases. For this purpose a strain carrying a deletion of the non-
essential XRN1 gene (xrnl-4; D184) and an otherwise isogenic wild-type 
strain (D185) were grown at 30°C. A strain carrying a the ts ratl-1 allele 
(966-1C) was grown at 23°C and shifted to the non-permissive 
temperature, 37°C, for 6 hours. A third strain (DAH18) carrying both the 
deletion of the XRN1 gene and the ts rati-Tl allele was also grown at 23°C 
and shifted to the non-permissive temperature, 37°C, for 6 hours. 
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Figure 4.6 A shows the arrangement of the 35S pre-rRNA transcript 
which is processed to produce the 18S, 5.8S and 25S rRNAs. The early 
cleavages at sites A0 and Al release a 91 nucleotide fragment from the 5' 
external transcribed spacer (5' ETS). The hal2-1 mutant strongly 
accumulated the A0 - Al fragment within 6 hours after shift to 18°C 
(Figure 4.6 B; probe a; lanes 3-6); accumulation of this fragment was 
nonconditional in the hal2-A strain (Figure 4.6 B, lanes 7-10). Shorter 
fragments, which are likely to be degradation intermediates of the full 
length fragment, also accumulated. Interestingly, 'a similar phenotype was 
observed in the strains carrying mutations in the 5'->3' exonucleases 
Xrnlp and Ratip. The xml-u and the ratl-1 single mutant strains showed 
mild accumulation of the A0 - Al fragment but accumulation was much 
stronger in the xrnl-4, ratl-1 double mutant (Figure 4.6 B, lanes 11-16). 
This indicates that both exonucleases play roles in the degradation of this 
pre-rRNA region. 
The pre-rRNA fragment which is released by the endonucleolytic 
cleavages at sites D and A2 has been reported to require Xrnlp activity for 
its degradation (Stevens et al., 1991). Consistent with this, strong 
accumulation of this fragment was observed in the xml-A and the xml-u, 
ratl-1 strain, but not the ratl-1 strain (Figure 4.6 B, probe b). This fragment 
was slightly increased in the hal2-1 strain at permissive temperature and 
accumulated strongly at 18°C (lanes 3-6). The hal2-ii mutant also showed 
strong, non-conditional D - A2 accumulation (lanes 7-10). 
The next endonucleolytic cleavage event, further 3' in ITS1, is 
performed by RNase MRP at site A3 (Lygerou et al., 1996), releasing the A2 
- A3 fragment. This fragment strongly accumulated in the hal2-1 strain 6 
hours after shift to 18°C (Figure 4.6 B; probe c; lanes 3-6), as well as in the 
hal2-4 strain (lanes 7-10). Strains mutant for either single exonuclease 
showed increased levels of A2 - A3 (lanes 11-14) but the accumulation was 
142 
Chapter 4 	 hal2-1 is synthetic lethal with rrp2-1 
much stronger in the double mutant strain, particularly after growth at 




5' ETS 	 ITS1 ITS2 
	
3' ETS 







ID 	A2A3\1(E 	2 Ci 
ITT  I 
W 	 c d e 	f 
Figure 4.6: hal2 mutants are inhibited in 5'->3' exonuclease activity. 
(A) 35S pre-ribosomal RNA of S. cerevisiae. The major processing sites 
are indicated in upper case. Probes used for Northern hybridisation 
and primer extension are labeled in lower case (a = riboprobe AO-A1; b 
= oligonucleotide 20S-2; c = oligonucleotide 27SA3; d = oligonucleotide 
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Figure 4.6: ha12 mutants are inhibited in 5'->3' exonuclease activity. 
(B) Northern analysis of total RNA extracted from a ha12-1 strain (YBD105) carry-
ing the empty vector pRS416 (hal2-1, lanes 3 to 6) or complemented by the HAL2 
gene (HAL2, lanes 1 and 2) and strain YBD128 carrying pRS416 (hal2-4 lanes 7 to 
10) at 30°C, the permissive temperature (0 hour lane) and at regular intervals after 
transfer to 18°C, the non-permissive temperature (6 to 24 hour lanes). RNA from 
strains mutant in the exonuclease Xrnlp (xrnl-4 D184) and an isogenic wild-type 
strain (XRN1, D185) was analysed following growth at 30°C. Strains mutant in 
Ratip (ratl-1, DAH18), or carrying both the xrn1-i and ratl-1 mutations (966-1c) 
were analysed following growth at 25°C and after transfer to 37°C for 6 hours. 
Probes used according to (A) are indicated on the left. The RNA species detected 
are indicated on the right. Differences in exposure time within one panel are indi-
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Figure 4.6: ha12 mutants are inhibited in 5'->3' exonuclease activity. 
(C) Northern analysis identical to Figure 4.6 B (see legend). The nylon membranes 
were hybridised with probes against the mature snoRNAs U14, snR190, U3 and 
also against the mature tRNA LeU . The detected RNA species are indicated on the 
right. In the tRNA panel +IVS indicates the normal unspliced precursor to the 
mature tRNA. 
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Probe c also detected the accumulation of 5.8S which is 5' extended 
to site A2 (A2 - E) in the hal2-ii mutant after shift to 18°C (Figure 4.6 B, 
probe c - lower, lanes 7-10). This RNA species is characteristic of mutants 
defective in components of RNase MRP (Lygerou et al., 1994). This species 
did not accumulate in the hal2-1 strain and the reason for its 
accumulation in the hal2-A strain is currently unclear (see section 4.2.6). 
A probe which is complementary to ITS1 Y of cleavage site A3 
(Figure 4.6 B, probe d) also detected the A2 - E fragment accumulated in 
the hal2-ii mutant (lanes 7 to 10). In addition, probe d detected the RNA 
species labelled '' in xrnl-4 and xml-A, ratl-1 strains (lanes 12 and 16). 
Previous analyses (Henry et al., 1994) have shown this to represent 5.8S 
rRNA species which are 5' extended to sites between A3 and B1L, due to 
inefficient exonuclease digestion from site A3. These RNA species were 
also accumulated in the hal2-1 and hal2-iA mutant strains (lanes 3-10). 
Normal 5' maturation of the tandemly transcribed snoRNAs 
snR190 and U14 also requires the activities of Xrnlp and Ratip (Petfalski 
et al., 1998). To determine how extensive was the overlap in phenotypes 
between the exonucleases and hal2 mutants, this was also examined in 
the hal2-1 and hal2-zt strains. In the exonuclease mutant strains, discrete 
5' extended snoRNA precursors accumulated mildly but clearly, especially 
in the xmnl-z%, ratl-1 double mutant at 37°C (Figure 4.6 C, lane 16). Figure 
4.6 C also shows that significant levels of unprocessed precursor to U14 
and snR190 accumulated at the non-permissive temperature in the hal2-1 
and ha!2-zt strains. The processing of the precursor to 5S rRNA (Figure 4.6 
B) was unaltered by mutations in either HAL2 or in the exonucleases. 
Similarly, no accumulation of other pre-rRNA spacer fragments, the 5' 
ETS region that lies 5' to site A0 or the C1 - C2 region of ITS2 was seen in 
either the HAL2 or exonuclease mutants (not shown). Processing of the 
primary transcripts of tRNA (Figure 4.6 C) and tRNA 0 (not shown) did 
not exhibit a phenotype characteristic of RNase P inhibition in the HAL2 
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or exonuclease mutant strains, i.e. there was no accumulation of spliced 
but 5' and 3' unprocessed pre-tRNAs and also no under-accumulation of 
mature tRNA detected. However, the 5' and 3' processed but unspliced 
tRNA precursors were observed to be one to two nucleotides longer than 
in the wild-type; this was also observed in the ratl-1 strain (see Figure 5.2 
D). 
Taken together these results show, that both Xrnlp and Ratip are 
required for the turnover of several excised spacer fragments of the pre-
rRNA and for the normal 5' maturation of snoRNAs and 5.8S rRNA. The 
phenotypes of the hal2-1 and hal2-e mutant strains closely resembles that 
of the exonuclease mutants. These observations suggested that strains 
mutated in HAL2 might be inhibited in the activities of the 5'->3' 
exonucleases. 
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4.2.5 pAp is an inhibitor of the in vitro activities of the two 5'->3' 
exonucleases, Xrnlp and Ratip 
HaI2p is a 3'(2'),5' bisphosphate nucleotidase which converts pAp 
into 5' AMP and P1 (MurguIa et al., 1995). Normal intracellular pAp levels 
are below 0.1 mM and increase up to 3 mM upon inhibition of Hal2p in 
vivo (MurguIa et al., 1996). Since HAL2 mutant strains are inhibited in 5'-
>3' exonuclease activity, it seemed possible that increased cellular levels 
of pAp might cause inhibition of the exonucleases. To test this hypothesis 
the activities of highly-purified Xrnlp and Ratip were analysed in the 
presence of variable concentrations of pAp in vitro. These experiments 
were carried out in collaboration with Audrey Stevens (Tennessee, USA). 
Figure 4.7 A shows that both enzymes were inhibited by pAp with 
either poly(A) or an arbitrarily chosen RNA as the substrate (see Materials 
and Methods). pAp at a concentration of 0.1 mM inhibited the activity of 
the two enzymes by 40 - 65% and 1 mM inhibited in the range from 65 - 
85%. The inhibition of Xrnlp by pAp was not affected by poly(A) 
concentration, suggesting the inhibition is not competitive (not shown). 
Supplementation of the reaction with Mg" did not restore activity, 
indicating that inhibition was not due to chelation of Mg 2 by the 
nucleotides (not shown). 
Figure 4.7 B shows the results obtained with other nucleotides. 
5'AMP or 3' AMP, ADP or ATP (not shown) inhibited less than 10% at 
concentrations from 0.1 to 1 mM. pApS inhibited the reactions less 
effectively than pAp (not shown). However, the supplier (Sigma) notes 
that pApS is both less stable and less pure than pAp, making the results 
obtained with pApS difficult to interpret. pCp inhibited slightly better 
than pAp. pUp was as inhibitory as pAp (not shown). These results show 
that the activities of Xmlp and Ratip were both strongly inhibited by 
nucleoside 3',5' bisphosphates. These data strongly support the model that 
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the observed inhibition of exonuclease activity in ha12 mutants in vivo is 
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Figure 4.7: pAp inhibits the exonuclease activities of Xmlp and Ratip in vitro. 
Exonuclease assays were performed using purified Xrnlp and Ratip (see Mate-
rials and Methods). 
Relative exonuclease activity of Xrnlp (solid lines) and Ratip (dashed lines) 
using poly(A) (filled circles) or RNA (open circles) as substrates at different pAp 
concentrations. 
Relative Xmlp activity with poly(A) substrate upon increasing concentration 
of 5' AMP (solid line, filled circles); 3' AMP (solid line, open circles); pAp 
(dashed line, filled squares); pCp (solid line, filled squares). 
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4.2.6 Hal2p does not physically interact with RNase MRP 
The results reported in the previous section had provided and 
explanation for the puzzling effects of the ha12 mutants on RNA 
metabolism, but the basis of the sl interaction between Hal2p and RNase 
MRP remained obscure. One possible explanation was that Hal2p 
physically associates with the MRP particle. To test this possibility a 
haploid yeast strain was produced (ProtA-HAL2, YBD155) which carries an 
N-terminal Protein A tagged HAL2 gene under control of the GAL 10 
promotor at the chromosomal HAL2 locus. This was achieved using a 
one-step PCR method (Lafontaine and Tollervey, 1996; see Materials and 
Methods). Correct integration of the GAL10-ProtA-HAL2 construct at the 
HAL2 genomic locus was verified by Southern blot (Figure 4.8 A). 
Western blot analysis showed that the ProtA-Hal2p protein is expressed 
with the expected molecular weight (Figure 4.8 B, lane 1) of approximately 
52 kDa. Furthermore, ProtA-Hal2p is efficiently coprecipitated when cell 
extracts containing ProtA-Hal2p are incubated with IgG-agarose beads 
(Figure 4.8 B, lanes 2 and 3). 
To test for the physical association of the ProtA-Hal2p fusion 
protein with RNase MRP RNA, immunoprecipitation experiments were 
performed (see Materials and Methods). Cell extracts prepared from the 
Pro tA-HAL2 strain (YBD155) were incubated with IgG-agarose beads and 
RNA was extracted from total lysates, depleted supernatants and IgG. 
agarose pellets. The RNAs were then analysed by Northern hybridisation. 
As controls, a ProtA-POP1 strain (B5Y414, Lygerou et al., 1994), a ProtA-
NOP1 strain (Schimmang et al., 1989) and a non-tagged wild-type strain 
were used. Figure 4.8 C shows Northern hybridisation of total RNAs 
extracted from equivalent amounts of mock depleted total lysates (lanes 1, 
4, 7 and 10), immune-supernatants (lanes 2, 5, 8 and 11) and IgG-agarose 
pellets (lanes 3, 6, 9 and 12). No precipitation of RNase MIRP RNA or U14 
RNA could be observed with ProtA-Hal2p (Figure 4.8 C, lane 3). As 
152 
Chapter 4 	 hal2-1 is synthetic lethal with rrp2-1 
expected, RNase MW RNA was efficiently and specifically co-precipitated 
from the ProtA-Popip lysate (Figure 4.8 C, lane 9) (Lygerou et al., 1994), 
while the snoRNA U14 was co-precipitated only with ProtA-Nopip 
(Figure 4.8 C, lane 12) (Schimmang et al., 1989). No precipitation of any 
RNA species was observed in the lysate derived from the non-tagged 
strain (Figure 4.8 C, lane 6). These data strongly suggest that ProtA-Hal2p 
is not associated with RNase MRP RNA. It is therefore unlikely that both 
synthetic lethality between rrp2-1 and ha!2-1 or the inhibition of A 3 
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Figure 4.8: ProtA-Hal2p is not detectably associated with RNase MRP RNA. 
Southern blot analysis of genomic DNA obtained from strain YDL401 
(lane 1) and strain YBD155 (lane 2) (see Materials and Methods). The DNA 
was digested with HindlU and probed against the HAL2 gene. 
Total lysates (lanes 1 and 4), IgG-agarose depleted supernatants (lanes 2 
and 5) and IgG-agarose pellets (lanes 3 and 6) derived from the ProtA-Hal2p 
strain and an otherwise isogenic Hal2p strain were seperated by SDS-PAGE 
on a 12% gel and analysed by Western Blot. The membranes were decorated 
with rabbit IgG-PAP and developed with ECL. Position of migration of 
molecular weight standards are indicated. 
Immunoprecipitation experiments were performed on cell lysates pre-
pared from strains expressing ProtA-Hal2p (YBD155), ProtA-Popip (BSY414), 
ProtA-Nopip, and a wild-type strain (Materials and Methods). Total RNA 
was extracted from equivalent amounts of mock-depleted total lysates (lanes 
1, 4, 7 and 10), immurlo-supernatants (lanes 2, 5, 8 and 11) and IgG-agarose 
precipitated pellets (lanes 3, 6, 9 and 12). RNA was separated on a 8% poly-
acrylamide gel containing 8.3 M urea and transferred for Northern 
hybridisation. Oligonucleotides were used for hybridisation which corre-
spond to the RNAs indicated on the right of the figure. 
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4.2.7 Synthetic lethality between rrp2-1 and xrnl-4 underlies the genetic 
interaction between ha12-1 and rrp2-1 
Since ha12-1 is si with rrp2-1 in the absence of any detectable 
physical association of Hal2p with RNase MEP it seemed likely that this 
genetic interaction is mediated through a secondary genetic and/or 
biochemical interaction. The finding that HAL2 mutants are inhibited in 
5'->3' exonuclease activity indicated that this secondary interaction might 
be between the 5'->3' exonucleases and RNase MRP. It was therefore tested 
whether the combination of a deletion of the non-essential XRN1 gene 
resulted in synthetic lethality in combination with the rrp2-1 allele. This 
was achieved by disruption of the XRN1 gene in the strain used for 
screening for synthetic lethality with rrp2-1 (YBD1). For this purpose a 
gene disruption construct was recovered from plasmid LBW503 which 
was very kindly provided by Lydia J. Brimage (Oxford, UK; see Materials 
and Methods). Correct disruption of the XRNTI gene in strain YBD1 was 
confirmed by Southern blot analysis (Figure 4.9 A). Figure 4.9 B shows 
that the resulting strain, YBD125, did not grow on 5-FOA, indicating that 
viability of the strain depended on the wild-type RRP2 gene, which was 
present on the LIRA3, ADE3 plasmid (pBD1). The combination of the 
xrnl-4 and the rrp2-1 alleles therefore results in synthetic lethality. 
In a control experiment the XRN1 gene was also disrupted in a 
ha12-1 mutant strain (see Materials and Methods) which carries the HAL2 
gene on a LIRA3 plasmid (pBD38). Viability of the resulting strain 
(YBD136) did not depend on the presence of a wild-type copy of the HAL2 
gene, as shown by its ability to grow on 5-FOA (Figure 4.9). The ha12-1 and 
xrn 1-ti alleles are, therefore, not sl with each other, consistent with the 
conclusion that the hal2-1 mutation acts epistatically in the inhibition of 
Xrnlp. The initially identified sl interaction between the rrp2-1 and the 
ha12-1 alleles is therefore caused by indirect (pAp-mediated) inhibition of 









Figure 4.9: The combination of the xrnl-A and rrp2-1 alleles results in syn-
thetic lethality. 
(A) Southern blot analysis of genomic DNA obtained from a hal2-1 strain dis-
rupted for the XRNJ gene (YBD 136 carrying plasmid pBD38 (HAL2-URA3-
CEN); lane 1), a rrp2-1 strain which carries a wild-type XRN1 gene (YBD1; lane 
2) and three rrp2-1 strains disrupted for the XRN1 gene (YBD125, carrying 
plasmid pBD1 (RRP2-LIRA3-ADE3-CEN); lanes 3 to 5) (see Materials and 
Methods). The chromosomal DNA was digested with Xbal/XhoI; the nylon 
membrane was probed against the XRN1 gene with a random labelled probe 
obtained from plasmid LBW503 (see Materials and Methods). 
(B)Yeast strains YBD1 (rrp2-1), carrying vector pBD1 (RRP2-LIRA3-ADE3-
CEN), YBD125 (rrp2-1 and xrnl::LELJ2), carrying vector pBD1 (RRP2-LIRA3-
ADE3-CEN) and YBD136 (hal2-1 and xrnl::LELI2), carrying vector pBD38 
(HAL2-URA3-CEN) were streaked on SD -URA plates and on plates contain-
ing 5-FOA; incubation was at 25°C. Growth of the xrnl-4 rrp2-1 strain 
(YBD125) is dependent on the presence of the RRP2-URA3 plasmid (pBD1), as 
shown by its failure to grow on medium containing 5-FOA, demonstraing that 
the xml-A and rrp2-1 mutations are synthetic lethal. The hal2-1 and xrnl-zl 
mutations in YBD136 are not synthetic lethal. 
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4.3 Discussion 
4.3.1 ha 12-i is si with rip2-1 
A genetic screen for mutations which are si in combination with a 
point mutation in the RNA component of RNase MRP (rrp2-1) was 
performed in order to identify new genes which functionally and/or 
physically interact with RNase MRP. One of the si strains, SL158, 
displayed a tight cs lethal phenotype. The HAL2 gene was cloned by 
complementation of this cs-lethality and was found also to complement 
the sl phenotype, making it very probable that both are due to the same 
mutation. Strains carrying a complete deletion of the HAL2 gene were 
found also to be cs lethal and are methionine auxotrophs. Strain SL158 is 
methionine auxotroph and this phenotype is complemented by HAL2. 
Genes which act as multicopy suppressors of the rrp2-1 mutation, SNM1 
and POP3, can suppress the sl phenotype of 5L158, but do not suppress the 
cs phenotype or methionine auxotrophy. It is concluded that strain SL158 
carries a mutation in HAL2 which leads to synthetic lethality with a point 
mutation in the RNase MRP RNA; the mutant allele was designated 
hal2-1. None of the 14 other si strains identified in the genetic screen are 
methionine auxotrophs, indicating that only SL158 has a mutation in 
HAL2. 
4.3.2 51->3' exoribonucleases are inhibited in ha12 mutant strains due to 
intracellular pAp accumulation 
Following transfer of the ha12-1 strain to the non-permissive 
temperature, strong accumulation of several pre-rRNA spacer fragments, 
from the A0 - A1, D - A2 and A2 - A3 regions was observed. 5' extended 
forms of the snoRNAs U14 and snR190 also appeared. Non-conditional 
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accumulation of these RNA species was observed in the hal2-A strain. A 
requirement for the 5'->3' exonuclease, Xrnlp in the degradation of the D 
- A2 pre-rRNA spacer fragment has been reported previously (Stevens et 
al., 1991). In addition, normal degradation of the A0 - Al and A2 - A3 pre-
rRNA fragments also requires both the Xrnlp and Ratip exonuclease 
activities. Similarly, both Xrnlp and Ratip are required for the normal 5 
maturation of the snoRNAs U14 and snR190 (Petfaiski et al., 1998). The 
mature 5' end of the major, short form of 5.8S -rRNA (5.8Ss)  is also 
generated by an exonuclease activity that requires Xrnlp and Ratip, 
following cleavage of the pre-rRNA at site A3 by RNase MRP (Henry et 
al., 1994). 5' extended species of 5.8SS rRNA accumulate in the HAL2 
mutant strains. Both mutant strains accumulate mainly the RNA labelled 
1*1 
in figure 4.613, which has its 5' end in the region between the A3 and 
B1L processing sites and is characteristic of the inhibition of Xrnlp and 
Ratip (Henry et al., 1994), together with low levels of the species which 
are 5' extended to site A3. Several other RNA processing activities that are 
not dependent on Xrnlp and Ratip are also unaffected by ha12 mutations. 
Taken together, it is concluded that the activities of both Xrnlp and Ratip 
are strongly inhibited in the hal2 mutant strains. 
Hal2p exhibits a 3'(2'),5' bisphosphate nucleotidase activity which 
converts adenosine 3',5' bisphosphate (pAp) to 5' AMP, and hal2 mutants 
therefore accumulate pAp (MurguIa et al., 1995). This suggested that the 
5'->3' exonucleases might be directly inhibited by pAp in hal2 mutants. 
Exonuclease assays using purified Xrnlp and Ratip showed that pAp 
strongly inhibited the activity of both enzymes in vitro. About 70% 
inhibition was observed with 1 mM pAp, while little inhibition was seen 
at 0.1 mM or below; the notmal intracellular pAp concentration in yeast 
cells is <0.1 mM (MurguIa et al., 1995). pApS also inhibited the activities 
of the enzymes, although to a lesser extent. Other nucleoside 3',5' 
bisphosphates tested, pUp and pCp, are also inhibitory. No significant 
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inhibition of the exonucleases was seen with other nucleotides tested (5' 
AMP, 3' AMP, ATP or ADP) at a concentration of 1 mM. It is concluded 
that the inhibition of Xrnlp and Ratip activities in the hal2 mutants is 
due to increased cellular levels of pAp. 
4.3.3 A genetic interaction between the 5'->3' exoribonuclease Xrnlp and 
RNase MRP 
hal2-1 was isolated as a mutation which issi with a point mutation 
in RNase MRP RNA. Since there is no detectable physical interaction 
between RNase MRP and Hal2p and no obvious interaction at the level of 
the biochemical functions of these enzymes it seemed possible that the 
real basis of the lethality was an si interaction between RNase MRP and 
the 51_>3t  exonucleases; increased pAp levels in the sl strain, SL158, might 
inhibit Xrnlp resulting in lethality in combination with the rrp2-.1 allele. 
The combination of the xrnl-4 and the rrp2-1 alleles was therefore tested 
and, indeed, resulted in synthetic lethality. This previously unsuspected 
genetic interaction between Xrnlp and RNase MRP underlies the sl 
interaction between rrp2-1 and hal2-1. 
Xrnlp is the major exonucleolytic activity which is required for the 
turnover of mRNAs (Muhirad et al., 1994b; Beelman and Parker, 1995). 
Mutations in XRN1 can result in pleiotropic effects and consequently the 
gene has been independently identified in a number of different genetic 
screens as SEP1, DST2, KEM1, RAR5 and XRN1 (reviewed in Kearsey and 
Kipling, 1991). Whether all of these phenotypes can be directly attributed 
to alterations in mRNA turnover or other RNA processing defects, is not 
yet established. RNase MRP, cuts site A3 in the pre-rRNA but this function 
is nonessential for cell viability (Henry, et al., 1994), whereas all known 
components of the RNase MRP RNP are essential. It is therefore proposed 
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that RNase MRP has additional, as yet unidentified, substrates (see Final 
Discussion). 
The biochemical basis of the si interaction between Xrnlp and 
RNase MEP is, however, unclear. Two obvious possibilities are that they 
collaborate in the synthesis of some (as yet unidentified) essential RNA 
species, or that they collaborate in mRNA turnover (see Final Discussion). 
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5.1 Introduction 
In a genetic screen for mutants which are synthetically lethal with 
rrp2-1, a temperature-sensitive mutation in the RNA component of 
RNase MRP a mutation in HAL2 was identified (Chapter 4) which is si in 
combination with rrp2-1. Another sl interaction, between the exonuclease 
Xrnlp (xrnl-4) and RNase MRP (rrp2-1), is the basis of the sl interaction 
between rrp2-1 and hal2-1 . This arises because the accumulation of pAp in 
the ha12-1 mutant inhibits Xrnlp activity. 
It has been shown previously that Hal2p is a very sensitive in v i v o 
target of lithium inhibition in yeast. Since lithium is both toxic and 
known to have strong effects both on human neurobiology and on the 
development of higher eukaryotic organisms the evolutionarily 
conserved Hal2p enzyme is a potential candidate protein which could 
account for/mediate (some of) the biological effects of lithium. 
In this chapter it is shown that lithium treatment of a wild-type 
yeast strain mimics the biochemical phenotype of ha12 mutant strains 
(Chapter 4). Lithium inhibition of Hal2p results in intracellular pAp 
accumulation which in turn inhibits the 5'->3' exoribonucleases Xrnlp 
and Ratip. Furthermore, the in vivo activity of RNase MRP is inhibited 
by lithium. The genetic interactions identified between HAL2 and RNase 
MRP and XRN1 and RNase MRP explain the toxicity of lithium to yeast 
cells and form a novel and unexpected link between RNA processing and 
the molecular effects of lithium. 
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5.2 Results 
5.2.1 Effects of lithium on growth of a wild-type strain 
Overexpression of Hal2p has been reported to suppress lithium 
toxicity in yeast and, consistent with a role of Hal2p in lithium toxicity, 
methionine supplementation also suppresses the toxic effects of lithium 
(Gläser et al., 1993). The effects of lithium on the growth of yeast strains 
were, however, described only on stationary yeast cultures which were 
grown over several days (Gläser et al., 1993). To investigate in more detail 
the effects of lithium on the growth of a wild-type yeast strain a growth 
curve of an exponentially growing yeast, culture was obtained in the 
absence and presence of 200 mM LiC1. Since methionine and the 
overexpression of Hal2p have been reported to suppress the cytotoxic 
effects of lithium (Gläser et al., 1993) synthetic minimal media were used 
which either contained or lacked methionirie. Furthermore, a wild-type 
yeast strain was produced which carries an additional copy of the HAL2 
gene. For this experiment growth of the cultures was maintained in 
exponential phase at 30°C. Before change to medium containing 200 mM 
LiCl (+1- Methionine) cells were harvested by centrifugation and 
resuspended in the corresponding prewarmed medium, figure 5.1 shows 
the results obtained. The wild-type strain (BWG1-7A) had a doubling time 
of 2.0 h. After shift to medium containing 200 mM LiCl and no 
methionine the doubling time of the strain increased. Within the first 
five hours in lithium containing medium the increase was less strong 
compared to later time points. After approximately 10 hours in lithium 
containing medium the grqwth rate stabilised at a doubling time of 10.5 
hours. When the same strain was shifted to medium containing 200 mM 
LiCl and methionine (20 mg 11) growth inhibition was greatly reduced 
and the strain displayed a constant doubling time of 2.8 h. Overexpression 
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of the HAL2 gene also suppressed the lithium induced growth inhibition 
although to a slightly lesser extent, resulting in a doubling time of 3.4 h. 
Within the first five hours of lithium treatment, this strain shows a 
slightly slower growth rate compared to later time points. 
This experiment shows, that the lithium induced growth 
inhibition is suppressed by either methionine supplementation of the 
medium or overexpression of Hal2p consistent with previous data 
obtained from stationary cultures (Gläser et al., 1993). This suppression 
takes place immediately after the change of medium in case of 
methionine supplementation and is slightly delayed in the strain 
overexpressing HAL2. This indicates that the regulation of the 
methionine mediated suppression is both more efficient and faster than 
HAL2 overexpression. 
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Strain Methionine 0.2 M LiCI doubling time (hours) 
- o--- 	D150, pRS416 + - 2.0 
D150, pRS416 + + 2.8 
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Figure 5.1: Effects of lithium on growth of a wild-type strain. 
Growth curves of wild-type strain BWG1-7A carrying an empty vec-
tor (pRS416) before (open squares) and after shift to medium contain-
ing 200 mM LiC1 without methionine (filled circles) or 200 mM LiC1 
with methionine (filled squares). The same strain carrying an addi-
tional copy of HAL2 (pHAL2 = pBD38) was shifted to medium con-
taining 200 mM LiC1 without methionine (open circles). All media 
used were synthetic minimal media supplemented with amino acids, 
nutrients and glucose but lacking uracil and containing methionine 
unless otherwise stated explicitly. The doubling times of the corre-
sponding strains grown in the indicated media are shown in the top 
table. 
Chapter 5 	 Lithium inhibition of RNA processing enzymes 
5.2.2 Lithium inhibition of RNA processing enzymes 
5.2.2.1 Lithium mimics the biochemical phenotype of hal2 mutant strains 
The enzymatic activity of Hal2p has previously been shown to be 
strongly inhibited by lithium in vitro (MurguIa et al., 1995) and in vivo 
(MurguIa et al., 1996). It was therefore interesting to test whether 
treatment of a wild-type yeast strain with lithium mimics the biochemical 
phenotype which has been observed in hal2 mutant strains. Since the 
accumulation of ribosomal RNA spacer fragments (as shown for the hal2 
mutant strains in chapter 4) is a convenient assay for the inhibition of 5'-
>3' exoribonucleases, pre-rRNAs were analysed. For this purpose yeast 
cells were harvested at regular time points from yeast cultures grown in 
the absence and presence of lithium (+1- methionine) as shown and 
described for figure 5.1. Total RNA was extracted and analysed by 
Northern hybridisation and primer extension. 
Figure 5.2A shows the arrangement of the 35S pre-rRNA transcript 
which is processed to produce the 18S, 5.8S and 25S. Northern analysis 
(Figure 5.2 B, probe a) showed that the A0 - Al pre-rRNA spacer fragment 
accumulated very strongly in medium containing 200 mM LiC1 and no 
methionine (lanes 9-12). This accumulation was completely suppressed in 
the presence of methionine (lanes 4-8) and strongly reduced by 
overexpression of HAL2 (lanes 13-16), particularly after prolonged growth. 
The degree of accumulation of this fragment induced by lithium 
treatment was comparable to the accumulation of the same fragment in 
the hal2-1 strain at 18°C (lane 3). Similarly, strong accumulation of the D - 
A2 (probe b) and A2 - A3 (probe c) fragments was observed in medium 
containing 200 mM LiCl and no methionine. These phenotypes were 
completely suppressed by the presence of methionine in the medium 
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(lanes 5-8) and strongly reduced by an additional copy of the HAL2 gene 
(lanes 13-16) in medium containing no methionine. 
The 5.8S rRNA 5' extended to site A3 (A3 - E) (probe d) accumulated 
in medium containing 200 mM LiC1 and no methionine. Its 
accumulation was strongly suppressed by methionine (lanes 5-8) or 
pFIAL2 (lanes 13-16). The shorter '' RNA species (probe d), which also 
represents 5' extended 5.8S rRNA (see section 4.24) accumulated 
accordingly in medium lacking methionine (lanes 9-12), was strongly 
suppressed by HAL2 overexpression (Vanes 13-16) and was absent in 
medium containing methionine (lanes 5-8). 
Probes c and d detect 5.8S rRNA which is 5' extended to site A2 (A2 - 
E). The accumulation of this RNA species was also induced by 200 m M 
LiC1 (lanes 9-12), strongly indicating that cleavage of pre-rRNA at site A3, 
and therefore the activity of RNase MRP, was inhibited. Strikingly, 
however, neither methionine (lanes 5-8) nor the overexpression of HAL2 
(lanes 13-16) could suppress its accumulation. This species also did not 
accumulate in the ha12-1 mutant (lanes 1-3). 
Probes against the mature forms of the snoRNAs U14 and snR190 
also detected lithium induced accumulation of pre-U14 and pre-snR190 
RNAs in the absence of methionine (Figure 5.2 C, lanes 9-12). Again, these 
RNA species were not detected in medium containing 200 mM LiC1 and 
methionine (lanes 5-8) and were strongly reduced when HAL2 was over-
expressed (lanes 13-16). The same phenotype was observed for the intron 
encoded snoRNA U24 (Figure 5.2 C). 
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Figure 5.2: Lithium induces inhibition of the 5'->3' exonucleases 
and also inhibits RNase MRP activity. 
(A) 35S pre-ribosomal RNA of S. cerevisiae. The major processing sites 
are indicated in upper case. Probes used for Northern hybridisation 
and primer extension are labeled in lower case (a = riboprobe AO-A1; 
b = oligonucleotide 20S-2; c = oligonucleotide 27SA3; d = oligonucle-
otide 27SA2; e = oligonucleotide 5.8S + 54; f = oligonucleotide rna2.1). 
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Figure 5.2: Lithium induces inhibition of the 5'->3' exonucleases and also inhib-
its RNase MRP activity. 
(B)Northern hybridisation analysis on total RNA extracted from the following 
strains: wild-type strain BWG1-7A carrying an empty vector (pRS416) before (lane 
4) and at regular time points after shift to medium containing 200 mM LiC1 without 
methionine (lanes 5 to 8) or 200 mM LiC1 with methionine (lanes 9 to 12). The same 
strain carrying an additional copy of HAL2 (pHAL2) was shifted to medium con-
taining 200 mM LiC1 without methionine (lanes 13 to 16). As reference, RNA from 
the hal2-1 mutant strain (lanes 1 to 3; see figure 4.613) was analysed in parallel. 
Probes used (see 5.2A) are indicated on the left; 5S rRNA was probed against the 
mature rRNA species; RNA species detected are indicated on the right. 
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Figure 5.2: Lithium induces inhibition of the 5'->3 exonucleases and also 
inhibits RNase MRP activity. 
(C) Northern hybridisation analysis on the same nylon membranes as used for 
figure 5.2 B (see legend). The membranes were hybridised with oligonucleotide 
probes against the mature snoRNAs U14, snR190, U24 and U3. The RNA spe-
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Figure 5.2: Lithium induces inhibition of the 5'->3' exonucleases and also inhib-
its RNase MRP activity (continued). 
(D)Northern hybridisation analysis on total RNA extracted from strain as 
described in the legend of figure 5.2 B. The RNA was then separated on a long 6% 
denaturing polyacrylamide gel, transferred to a Hybond N nylon membrane and 
probed with an oligonucleotide against the mature tRNA 
The positions of the primary transcript of tRNA, as well as the 5' and 3' pro-
cessed but non-spliced precursor (+ IVS) and the mature tRNA are indicated on 
the right. 
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As was found for mutants defective in Hal2p or the 5'->3' 
exonucleases, the processing of the precursor to 5S rRNA was unaltered 
by lithium treatment (Figure 5.2 B) and no accumulation of other pre-
rRNA spacer fragments, the 5' ETS region that lies 5' to site A0 or the C1-
C2 region of ITS2 was seen. Processing of the primary transcripts of 
tRNA (Figure 5.2 D) and tRNA 	(not shown) did not exhibit a 
phenotype characteristic of RNase P inhibition upon Li treatment, 
however, the 5' and 3' processed but unspliced tRNA precursors were one 
to two nucleotides longer than in untreated cells, a phenomenon which 
was also observed in the hal2-1 and ratl-1 strains. 
To investigate in more detail how rapid is the accumulation of 
these RNA species, the analysis was repeated using shorter time points 
after shift to lithium containing medium. In this experiment the wild-
type yeast strain was shifted to medium containing 200 mM lithium (+/-
methionine) and cells were harvested after lh, 3h and 5 hours. The A2 - 
A3 and A2 - E RNA species were strongly accumulated as early as 1 hour 
after transfer to lithium containing medium (Figure 5.3, lane 2). In 
contrast, the D - A2 fragment was only slightly increased after one hour 
but accumulated strongly after 3 hours (Figure 5.3, compare lanes 2 and 4). 
This effect may be significant since the pre-rRNA processing step that 
releases the D - A 2  fragment is reported to occur in the cytoplasm, where 
most Xrnlp is localised, while the other pre-rRNA spacer fragments are 
released in the nucleolus (Heyer et al., 1995). 
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Figure 5.3: Early time course of lithium treatment and effects of 
different lithium concentrations. 
Northern analysis of total RNA extracted from the wild-type strain 
BWG1-7A harvested at time points (1, 3 and 5 hours) after shift to 
medium containing 0.2 M LiC1 with (+; lanes 1, 3 and 5) and with-
out (-; lanes 2, 4 and 6) methionine. Lanes 7-10 show the effects of 
different concentrations of lithium on wild-type cells in medium 
without methionine; RNA was extracted from cells harvested 6 
hours after lithium addition; RNA species are indicated on the right. 
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The effects of different concentrations of lithium on the 
accumulation of the pre-rRNAs was also examined. For this purpose the 
wild-type yeast strain was shifted into media which contained 0.1 mM, 1 
mM, 10 mM and 100 mM LiC1 (all media lacked methionine). This is 
shown in figure 5.3 (lanes 7-10). The accumulation of the A2 - A3, D - A2 
and A2 - E RNAs was observed only after growth in medium containing 
100 mM LiC1 (lane 10); lower concentrations of lithium did not result in 
any detectable phenotype. Since the accumulation of the pre-rRNAs is 
comparable at 100 mM LiCI (lane 10) and 200 mM LiC1 (lane 6) and 
completely absent at 10 mM LiCl (lane 9) it seems possible that there is a 
certain threshold concentration of LiCI which results in an 'all or nothing' 
appearance of the biochemical phenotype. 
Lithium treatment of a wild-type strain therefore induced a 
biochemical phenotype which resembled that seen in the !ial2 mutant 
strains. It has previously been shown by others that lithium inhibition of 
Hal2p in vivo results in strong intracellular pAp accumulation (up to 3 
mM; MurguIa et al., 1996). In this work (chapter 4) it was shown that the 
5'->3' exonucleases Xrnlp and Ratip are strongly inhibited by pAp in 
vitro. It is therefore likely that the inhibition of Hal2p by lithium leads to 
increased cellular pAp levels which then inhibit the 5'->3 exonucleases, 
Xrnlp and Ratip. Consistent with this proposal, methionine suppressed 
the inhibition of the exonucleases, presumably by repressing sulphate 
assimilation (Cherest et al., 1971), thus reducing production of pAp. 
Overexpression of HAL2 also suppressed the inhibition of the 
exonucleases, presumably by reducing the cellular pAp concentration due 
to increased enzyme levels (MurguIa et al., 1995). In addition, lithium 
appears to inhibit the activity of RNase MRP since 5' extended forms of 
5.8S rRNA accumulate which extend to site A 2. This aberrant rRNA 
precursor is predicted to accumulate when pre-rRNA cleavage at site A 3 , 
due to RNase MRP activity, is inhibited. However, this inhibition does 
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not 	appear 	to be mediated 	by 	pAp, 	since 	neither methionine 
supplementation nor Hal2p overexpression could rescue the lithium 
induced phenotype. 
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5.2.2.2 Lithium inhibits RNase MRP activity in vivo 
The accumulation of 5' extended forms of 5.8S rRNA which extend 
to site A 2  (A2 - E RNA; see figure 5.2 B) suggested that cleavage of pre-
rRNA at site A3 and RNase MRP activity was inhibited. To test this, RNA 
was analysed from the lithium treated wild-type strain by primer 
extension, using oligonucleotide e (see Figure 5.2 A). Oligonucleotide e is 
complementary to the pre-rRNA in ITS2, 5' of cleavage site C2 and primer 
extension products detect the levels of pre-rRNAs processed at B1L, B1 
and at cleavage sites within ITS1. 
Figure 5.4 shows that the primer extension stop at site A3 was 
strongly reduced when cells were grown in medium containing lithium 
and methionine (lanes 2-4), as compared to wild-type levels (lane 1). In 
contrast a dramatic increase of the A3 signal was observed when cells were 
grown in lithium and no methionine (lanes 5-7), reflecting the 
accumulation of the A3 - E RNA, that was observed by Northern analysis 
(Figure 5.2 B, lanes 9-12). On lithium treatment, cleavage of the pre-rRNA 
at site A3  by RNase MRP is reduced, but the subsequent processing of the 
residual A 3-cleaved pre-rRNA is also strongly reduced due to the 
inhibition of the Xrnlp and Ratip exonucleases. The primer extension 
stop at site A2, however, remains unaffected by lithium treatment (lanes 
1-7). 
A3 cleavage is required for the formation of the major, short form 
of 5.8S rRNA, 5.8S  (Henry et al., 1994). Consistent with this, under-
accumulation of 5.8S 5 was observed after 48 hours of lithium treatment 
(in the presence of methionine) due to inhibition of A3 cleavage (not 
shown). 
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Figure 5.4: Lithium inhibits pre-rRNA cleavage at site A3 . 
Primer extension analysis through site A 3, employing oligonucle- 
otide e (see fig. 5.2 A) on total RNA derived from a wild-type strain 
(BWG1-7A) growing in medium lacking LiC1 (0 h lane) and after 
transfer to medium containing 0.2 M LiC1 (6-24 h lanes) with and 
without methionine (+1- MET). RNA samples are identical to figure 
5.2 B. The processing sites revealed as major primer extension stops 
are indicated on the right. DNA sequencing reactions on a wild-type 
rDNA plasmid using the same primer are shown. The autoradio-
gramm is overexposed in order to visualise the wild-type level of the 
weak primer extension stop at site A 3 (lane 1). 
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5.2.2.3 Lithium treatment results in accumulation of deadenylated MFA2 
mRNA 
The 5'->3' exoribonuclease Xmlp is the cellular activity required for 
the turnover of most cytoplasmic mRNAs in yeast. In the major mRNA 
decay pathway, deadenylation is followed by decapping; this then exposes 
the body of the mRNA to 5?>31 degradation by Xrnlp (Beelman and 
Parker, 1995). MFA2 encodes a well studied mRNA which follows this 
decay pathway (Muhlrad et al., 1994a). It was interesting to test if this 
activity of Xrnlp is also inhibited by lithium treatment, which should 
result in the accumulation of deadenylated mRNA. 
Figure 5.5 shows the effects of lithium treatment on the size 
distribution of the MFA2 mRNA. RNAs extracted from lithium treated 
wild-type strains as described under 5.1 were separated on 5% denaturing 
polyacrylamide gels and analysed by Northern hybridisation. The 
heterogeneity of the bands represents the distribution of poly(A) tail 
lengths. Growth in medium containing 200 mM LiC1 and no methionine 
led to the accumulation of shortened forms of MFA2 mRNA (lanes 5-7). 
These migrated faster than the shortest mRNA species detected in the 
wild-type control (lane 1), indicating that they had poly(A) tails shorter 
than the length at which decapping and Xrnlp-mediated degradation is 
normally triggered. The size of these mRNA species was however slightly 
longer than poly(A) RNA (lane 8), consistent with reports that the final 
10 to 12 adenine residues of the poly(A) tail are removed more slowly 
than the initial, fast deadenylation. The effects of lithium on the MFA2 
mRNA were suppressed in medium supplemented with methionine 
(lanes 2-4). As expected (Mihlrad et al., 1994a), the xml-A strain strongly 
accumulated the short MFA2 mRNA (lane 10). This indicates that 
lithium can strongly alter mRNA degradation rates via the pAp mediated 
inhibition of Xrnlp. 
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The exonuclease Ratip was identified as a ts mutant allele which 
accumulates poly(A)+ RNA in the nucleus at non-permissive 
temperature (Amberg et al., 1992). Although the function of the 
exonuclease in mRNA export is unclear, it was tested whether lithium 
inhibition of Ratip activity also results in nuclear poly(A)+ accumulation. 
In situ hybridisation experiments were performed (see Materials and 
Methods) using yeast cells from the wild-type strain BWG1-7A after 
growth in medium containing 200 mM LiC1 and no methionine for 6 
hours and the hal2-1 mutant strain after growth for 6 hours at the non-
permissive temperature (18°C). Using FITC-labelled oligo(dT) as a probe, 
no accumulation of poly(A)+ RNA in the nucleus was detected in either 
the lithium treated wild-type strain or the hal2-A mutant at 18°C (not 
shown). In contrast, a yeast strain mutated in the nuclear pore protein 
Nup133p (Doye et al., 1994) gave clear poly(A)+ accumulation at the 
restrictive temperature. This indicates that lithium treatment did not 
inhibit nuclear mRNA export. 
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Figure 5.5: Lithium treatment results in accumulation of deadeny-
lated MFA2 mRNA. 
Northern analysis of total RNA derived from a wild-type strain 
(BWG1-7A) growing in medium lacking LiCl (0 h lane) and after 
transfer to medium containing 0.2 M L1C1 (6-24 h lanes) with and 
without methionine (+1- Methionine). RNA was also analysed from 
the xrn1- (D184) and the otherwise isogenic XRN1 strain (13185); 
the same RNA preparations were used as in figure 5.2B. As a size 
marker, deadenylated RNA from strain BWG1-7A was separated on 
the same gel (poly(A)- RNA). The filter was probed with an oligonu-
cleotide against MFA2 mRNA. The position of migration of deade-
nylated MFA2 mRNA is indicated. 
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5.2.3 rrp2-1 strains are lithium hypersensitive 
The pAp-independent inhibition of RNase MRP activity by lithium 
suggested that RNase MRP might be directly inhibited by lithium. To test 
this model it was determined whether mutants in the RNA component 
of RNase MRP were hypersensitive to lithium. Figure 5.6 A shows that 
growth of the rrp2-1 mutant strain (YBD39) was strongly inhibited 
compared to the isogenic RRP2 wild-type strain (YBD40) on plates 
containing increasing concentrations of LiCl (50 mM, 100 mM and 200 
mM LiC1, in the presence of 20 mg 11 methionine). In contrast, the ha12-A 
strain (YBD128) was not inhibited in growth relative to the isogenic HAL2 
sister strain (YBD127) on these media. In a related experiment (Figure 5.6 
B) growth of the rrp2-1 strain used for sl screening (YBD1) was tested on 5-
FOA (which selects against the RRP2-LIRA3-ADE3 plasmid; pBD1) and 5-
FOA supplemented with 200 mM LiC1 in the presence of methionine. 
Strain YBD1 was viable on medium containing 5-FOA alone but unable to 
grow in the presence of 5-FOA + 200 mM LiCl. This shows that the rrp2-1 
strain requires the RRP2 gene on the plasmid in order to grow in the 
presence of LiC1. The wild-type control strain BWG1-7A showed only 
slightly reduced growth on 5-FOA + 200 mM LiC1 compared to 5-FOA 
alone, indicating that the inability of strain YBD1 to grow on 5-FOA + 200 
mM LiC1 was not simply due to a reduced growth rate. Since methionine 
was present in these plates the exonuclease defects should be suppressed 
(see Figure 5.2 B). These results show that the rrp2-1 mutant strain is 
hypersensitive to lithium and that this is not mediated by the lithium 
inhibition of Hal2p, consistent with the direct inhibition of RNase MRP 
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Figure 5.6: rip2-1 strains are lithium hypersensitive. 
The ha12-z (YBD128) and the rrp2-1 (YBD39) strains as well as the otherwise isogenic wild-type strains 
(YBD127 and YBD40) were grown in YPD and diluted to OD,, of 0.4. Alliquots of 5 p1 from 10-fold serial 
dilutions were spotted on plates lacking lithium, or containing 50 mM, 100 mM and 200 mM LiCl. All plates 
contained methionine and were incubated at 25°C. The growth shows that the rrp2-1 strain is hypersensitive to 
LiC1 whereas the hal2-1 strain is not. 
Yeast strains YBD1 (rrp2-1) carrying pBD1 (RRP2-LIRA3-ADE3-CEN) and the wild-type strain BWG1-7A 
(carrying the empty vector pRS416) were grown to saturation in SD -URA medium and 5  p of 10-fold serial 
dilutions were spotted on SD -URA plates, 5-FOA plates and 5-FOA plates containing 0.2 M LiC1. All plates 
contained methionine and were incubated at 25°C. The rrp2-1 strain is unable to lose the RRP2-LJRA3-ADE3-
CEN plasmid in the presence of 0.2 M L1C1, as shown by its failure to grow on medium containing 5-FOA which 
selects against the URA3 marker on the plasmid. 
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5.3 Discussion 
5.3.1 Lithium inhibits RNA processing enzymes 
The observations that Hal2p overexpression confers salt tolerance 
on yeast and also suppresses lithium toxicity (Gläser et al., 1993 and data 
presented here), together with the sensitivity of Hal2p activity to lithium 
inhibition in vitro, support the view that Hal2p is the most sensitive 
enzymatic activity which is inhibited by lithium in vivo. The in vitro 
enzymatic activity of Hal2p is non-competitively inhibited by 
submillimolar amounts of lithium. With 50% inhibition at 0.1 mM LiCl 
(MurguIa et al., 1995) Hal2p is eight times more sensitive than inositol-
monophosphatases (Belmaker et al., 1996). The intracellular 
concentration of pAp increases from <0.1 mM to 2 - 3 mM upon lithium 
treatment of wild-type cells (MurguIa et al., 1996). Strong inhibition of the 
Xrnlp and Ratip activities was observed at 1 mM pAp in vitro. Lithium 
treatment of wild-type yeast strains also resulted in strong inhibition of all 
the RNA processing reactions known to require the activities of Xrnlp 
and Ratip. It is therefore concluded that lithium inhibition of Hal2p 
results in increased cellular levels of pAp which in turn inhibit the 
exonucleases. 
5.3.2 Lithium toxicity in yeast is due to the synergistic inhibition of RNase 
MRP and Xrnlp 
Since Hal2p is an enzyme involved in sulphate assimilation it was 
problematic to understand how the overexpression of this non-essential 
protein could suppress the cytotoxic effects of lithium (see section 4.2.2). 
The data presented in this and the preceding chapter offer an explanation 
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for these results: lithium toxicity in yeast is not due to inhibition of a 
single component, but due to the simultaneous inhibition of two targets. 
Inhibition of Xrnlp is not, in itself, the basis of lithium toxicity, 
since Xrnlp is not required for viability. Ratip is essential but of the 
biochemical defects so far observed in RAT1 mutant strains the only one 
that would be expected to cause lethality is the accumulation of nuclear 
poly(A)+ RNA (Amberg et al., 1992). Nuclear poly(A)+ RNA accumulation 
was not detected in lithium treated wild-type cells, or in the hal2-z mutant 
strain at non-permissive temperature, indicating that this is also not the 
sole basis of lithium toxicity. 
The in vivo activity of RNase MRP, i.e. cleavage of pre-rRNA at 
site A3, was inhibited by lithium. This is independent of pAp since 
neither methionine supplementation nor overexpression of Hal2p 
suppressed the biochemical phenotype. Since rrp2-1 mutant strains, 
which have a single nucleotide substitution in the MRP RNA (Chu et al., 
1994), are lithium hypersensitive even in the presence of methionine it is 
very likely that RNase MRP is directly inhibited by lithium. However, the 
inhibition of RNase MRP by lithium does not directly result in lethality, 
since lithium toxicity in cells can be relieved by overexpression of Hal2p. 
These observations, together with the isolation of hal2-1 as a 
mutation which is si with a point mutation in RNase MRP (section 4.2.1), 
suggest that the toxicity of lithium is due to the simultaneous inhibition 
of Hal2p and RNase MRP. Since there is no obvious direct connection 
between the activities of RNase MRP and Hal2p, the real basis of the 
lethality is presumably due to the underlying si interaction between 
RNase MRP and the 5t>3t exonucleases (section 4.2.7). This previously 
unsuspected genetic interaction between Xrnlp and RNase MRP 
underlies the toxicity of lithium. Xrnlp activity is blocked indirectly by 
pAp accumulation, due to lithium inhibition of Hal2p, while RNase MRP 
is inhibited directly, evoking a si interaction (see Figure 5.7). This model is 
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strongly supported by the lithium hypersensitivity of the rrp2-1 strains. It 
remains possible that pAp inhibition of Ratip also contributes to lethality. 
The conclusion is that there is not a single target of lithium toxicity in 
yeast; lethality arises via the simultaneous inhibition of two components, 
where inhibition of neither individual component is lethal. I refer to this 
as 'synergistic toxicity'. 

















Figure 5.7: Schematic representation of the inhibitory effects of lithium on RNA 
processing enzymes. 
Sulphate is activated by formation of pApS, which is then reduced to sulphite by 
pApS reductase, releasing pAp as a side product. Methionine, one end product of 
sulphate assimilation, represses the sulphate assimilation pathway (indicated by 
dashed line) and thus pAp production. In addition, suiphotransferases use pApS as 
sulphur donor, contributing to pAp production. A mutation in Hal2p (ha12-1) leads 
to accumulation of pAp, resulting in the inhibition of the exonucleases Ratip and 
Xrnlp. A deletion of XRN1 (xrn1-E) is synthetically lethal (si) with a mutation in 
RNase MRP RNA (rip2-1). This leads to the conclusion that the sl interaction origi-
nally observed between rrp2-1 and hal2-1 is a consequence of Xrnlp inhibition. The 
lethality of lithium treatment is due to synergistic toxicity between Hal2p and 
RNase MRP. Lithium inhibition of Hal2p leads to the accumulation of pAp, which 
inhibits the exonucleases Xrnlp and Ratip. Lithium also inhibits the activity of 
RNase MRP, by a mechanism which is independent of pAp. 
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6.1 Genetic interactions with RNase MRP 
The aim of this thesis was to extend the knowledge about the 
structure and function of the RNase MRP RNP. For this purpose a genetic 
screen was performed to identify mutants which are synthetic lethal in 
combination with a mutation in the RNA component of RNase MRP. 
This genetic approach to study RNase MRP proved to be successful and 
produced both an anticipated and expected result' and unexpected new 
insights. The analysis of the obtained sl mutant strains gave two main 
results: 
the expected identification of a novel protein subunit of RNase MRP 
(Pop3p), which is shared with the RNase P RNP and which is required for 
the enzymatic activity of both RNPs in vivo, and 
the unexpected identification of a genetic interaction between the 
HAL2 gene and RNase MRP, which made a novel link between the 
molecular action of lithium and the inhibition of RNA processing 
enzymes. This allowed the determination of the molecular basis for 
lithium toxicity in yeast. 
The results presented in this thesis make a contribution to the 
understanding of two rather different areas in molecular biology, this is 
the structure and function of the RNase MRP and RNase P RNPs on the 
one hand and the molecular mechanism of lithium action on the other. 
The implications of the findings presented here are discussed in the 
following two sections. 
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6.2 The RNase MRP and RNase P RNPs - overlapping structure 
and function? 
During the last decade substantial progress has been made in the 
understanding of the RNase MRP particle. MRP was initially identified as 
an endoribonucleolytic activity which is able to cleave RNA 
complementary to the mitochondrial origin of replication in vitro (Chang 
and Clayton, 1987b; Clayton, 1994), but to date it has not been shown that 
MRP also serves a similar function in vivo. Analysis of mutants in the 
RNA component of RNase MRP implied that MRP has a nucleolar 
function in the processing of pre-rRNA (Lindahi et al., 1992; Shuai and 
Warner, 1991). Temperature sensitive alleles of the RRP2 gene which 
encodes the MRP RNA subunit displayed aberrant processing of the 
major form of 5.8S rRNA. Subsequently it was shown that RNase MRP is 
required for processing of the pre-rRNA at site A 3 in ITS1 both in vivo  
and in vitro (Lygerou et al., 1996; Lygerou et al., 1994; Henry et al., 1994). 
These observations were consistent with a predominant nucleolar and/or 
nuclear localisation of the particle (Reimer et al., 1988; Yuan et al., 1989). 
RNase MRP RNA is the only nucleolar RNA which might be directly 
involved in an enzymatic cleavage reaction. The related nuclear RNase P 
RNP also contains a RNA subunit which is required for the 5' maturation 
of all pre-tRNAs (Altman et al., 1993), also by endonucleolytic cleavage of 
5' extended tRNA precursors. 
6.2.1 Overlapping structure of the RNase MRP and RNase P RNPs 
In addition to their endonucleolytic activity, the RNase MRP and 
RNase P RNAs share structural similarities. Although the primary 
structure of the RNA components do not show any significant homology, 
there is a clear conservation of predicted secondary structural elements, in 
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particular the so called 'cage-domain' pseudoknot structure (Forster and 
Altman, 1990). RNase P is an ubiquitous enzyme, found in all domains of 
life, whereas RNase MRP has been identified only in eukaryotes. Bacterial 
RNase P RNA has been shown to be a ribozyme in vitro (Altman, 1989; 
Guerrier-Takada et al., 1983) and is the catalytic subunit of RNase P in 
vivo. Therefore there has been (and still is) a lot of interest in 
investigating whether this function of the RNase P RNA has been 
conserved in eukaryotes and, moreover, whether • RNase MRP functions 
in a comparable fashion. Compared to the bacterial RNase P. which 
contains only a single protein subunit of 15 kDa, the eukaryotic RNase P 
and MRP RNPs were estimated to have a much higher protein content 
(Lawrence et al., 1987). These proteins might have taken over functions 
and activities which were originally performed by the RNA component of 
the ancestral RNase P RNA. However, the low abundance of both RNPs 
in higher eukaryotes, together with a relative unstable association of the 
components, hampered the biochemical purification of protein subunits 
of both RNPs for many years. Screening of a collection of ts lethal yeast 
mutant strains for a defect in the processing of 5.8S rRNA resulted finally 
in the identification of the first protein subunit of RNase MRP, Popip. 
Intriguingly, Popip was shown to be associated not only with RNase MRP 
RNA but also with RNase P RNA, thus suggesting again a close structural 
relationship of both particles. Another genetic screen for multicopy 
suppressors of a ts lethal allele in MRP RNA led to the identification of a 
second RNase MRP subunit, Snmlp (Schmitt and Clayton, 1994). This 
protein is unique to RNase MRP and therefore might be an important 
determinant in the substrate recognition of the particle. 
At this stage of the structural definition of the RNase MRP particle 
this thesis was initiated. Despite the structural similarities of RNase MRP 
and RNase P it was expected that there would be additional protein 
subunits of RNase MRP which contribute to the functional role of the 
particle in pre-rRNA processing and/or other possible cellular functions. 
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A genetic screen for synthetic lethal interactions with a mutation in the 
RNA component of the MRP RNP led to the identification of a new MRP 
protein subunit, Pop3p. Very unexpectedly (at the time), Pop3p turned out 
to be associated also with RNase P. This was surprising since the 
purification of RNase P activity from Schizosaccharomyces pombe led to 
the copurification of only one major polypeptide of about 100 kDa 
(Zimmerly et al., 1993), which was believed to be the homologue of the S. 
cerevisiae Popip protein. In contrast to the situation in bacteria where 
there is only one protein subunit in bacterial RNase P. it had to be 
concluded that the eukaryotic RNase P RNP contained at least two protein 
subunits. Furthermore, Pop3p depletion in vivo led to the impairment of 
both RNase MRP and RNase P function. Since there was no reduction of 
MRP and P RNAs observed during depletion of Pop3p it was concluded 
that the protein is required for the enzymatic activity of both particles 
without affecting MRP and P biogenesis or stability. Pop3p was the second 
protein subunit found to be common to the MRP and P RNPs. 
Following the publication of Pop3p, there were two more reports of 
nucle(ol)ar proteins which are common to MRP and P. A genetic 
approach led to the isolation of the POP4 gene (Chu et al., 1997). A screen 
for extragenic suppressors of a mutation in the MRP RNA identified three 
identical mutant pop4 alleles. Rpplp, was identified as a yeast homologue 
of a human protein which copurified with RNase P activity (Stolc and 
Altman., 1997). Both Pop4p and Rpplp are associated with the MRP and P 
RNAs and their depletion in vivo results in loss of MRP and P activity. 
However, the depletion of Pop4p and Rpplp also resulted in severe 
reduction in the levels of both MRP and P RNA indicating a role for those 
proteins in RNP biogenesis and/or stability. 
At this point there are four protein subunits (Popip, Pop3p, Pop4p 
and Rpplp) known to be in common to the MRP and P particles. Snmlp 
is the only protein which is unique to RNase MRP. Together with the 
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structural similarities of the RNA components these results demonstrate 
a striking structural overlap of the two RNPs. 
6.2.2 Overlapping function of RNase MRP and RNase P? 
The structural similarities may account for the previously observed 
functional overlap of the two enzymes. Biochemical separation of active 
RNase MRP and RNase P fractions from yeast extracts showed that both 
enzymes are able to cleave a short substrate surrounding the A 3 pre-rRNA 
cleavage site in vitro (Lygerou et al., 1996). This cleavage is performed 
faithfully at the nucleotide level by RNase MRP fractions and is displaced 
by one nucleotide when purified RNase P fractions are tested. A longer 
substrate comprised of 2.9 kb of pre-rRNA sequences, however, is only 
cleaved by RNase MRP and not by RNase P (Lygerou et al., 1996). These 
results indicate that both enzymes have the ability to recognise and cleave 
a pre-rRNA substrate in vitro. But only RNase MRP is able to process a 
more physiological (i.e. longer) pre-rRNA substrate, reflecting a specific 
role and requirement for MRP in vivo. Similarly it has been shown that 
E. coli RNase P can process another RNase MRP substrate in vitro; this is 
the RNA which is complementary to the mitochondrial origin of 
replication (Potuschak et al., 1993). There are no RNase P RNA mutants 
described which result in reduced cleavage of pre-rRNA at site A 3 and 
there are no mutants known in the RNA component of RNase MRP 
which inhibit tRNA processing. Intriguingly, however, a specific P RNA 
mutant has been described which shows aberrant processing of the pre-
rRNA in ITS2 (Chamberlain et al., 1996). Although no other P RNA 
mutant has been reported to result in a similar phenotype, this report 
could indicate that RNase MRP and RNase P form a larger complex 
structure on the pre-rRNA, perhaps mediated by the common protein 
subunits. Alternatively, there could be a minor and redundant RNA 
processing pathway, which requires pre-rRNA processing in ITS2 by 
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RNase P. In vitro studies, however, failed to demonstrate a preferential 
cleavage site for RNase P in ITS2 (Chamberlain et al., 1996). 
6.2.3 Evolutionary relation of RNase MRP and RNase P 
The recent advances in the structural characterisation of RNase 
MRP and RNase P strongly supports the previous suggestion that RNase 
MRP was derived evolutionarily by gene duplication of an ancestral 
RNase P RNA gene (Morrissey and Tollervey, 1995). Comparison of 
bacterial and eukaryotic pre-rRNA organisation and processing shows 
that the bacterial RNase P and the eukaryotic RNase MRP perform 
functionally homologous reactions (Figure 6.1). The presence of a tRNA 
between the 16S and the 23S rRNA subunits is conserved in the bacterial 
pre-rRNA (whereas the type of the tRNA is not conserved) and 
introduces a cleavage site for RNase P. Pre-rRNA processing is normally 
initiated by the endonucleolytic action of RNase ifi (Bram et al., 1980; 
Gegenheimer et al., 1977). When RNase III is inactivated by mutation, the 
bacteria are still able to produce functional ribosomes due to the RNase P 
mediated cleavage of the pre-rRNA. In Eukaryotes a new processing site 
in ITS1 replaced the RNase P cleavage site. This could have happened by 
co-evolution of the RNase MRP enzyme after gene duplication of the 
ancestral RNase P RNA gene together with the new A 3 cleavage site in 
ITS1. Both A3 cleavage and the RNase P processing site in bacterial pre-
rRNA provide non-essential and alternative processing pathways. The 
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Figure 6.1: Comparison of E. coli and S. cerevisiae pre-rRNAs. 
The general arrangement of the rRNAs is conserved in bacteria and eukaryotes. 
There are, however, three important differences: 1) In contrast to eubacteria, 5S 
rRNA is not part of the eukaryotic pre-rRNA and is transcribed independently; 
2) the rRNAs for the large subunit are split by the insertion of ITS2 and 3) in 
bacterial pre-rRNAs a tRNA is inserted between the 16S and 23S rRNAs. 
Importantly, the presence but no the species of the tRNA is highly conserved. 
The corresponding sites of RNase P and RNase MRP cleavage are indicated 
(Figure from Morrissey and Tollervey, 1995). 
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6.2.4 Perspectives 
A major challenge in the understanding of RNase MRP remains 
the question about the essential function of this enzyme. This is in 
contrast to RNase P function, i.e. processing of tRNAs, which is clearly 
essential. Processing of pre-rRNA at site A 3 is a non-essential event since 
deletion of the complete A 3 cleavage site in cis does not result in lethality 
(Henry et al., 1994). A possible role of MRP in mitochondrial DNA 
replication would also be non-essential since yeast cells lacking 
mitochondrial DNA are viable. However, both the RNA component and 
all known protein subunits of RNase MRP are essential for cell viability 
(Lygerou et al., 1994; Stoic and Altman, 1997; Chu et al., 199; (Schmitt and 
Clayton, 1992; chapter 3). A plausible explanation for these observations 
could be that RNase MRP is required to process a so far unidentified RNA 
substrate which is essential for cell viability. Alternatively, RNase MRP 
could be involved in the turnover of the mRNA encoding a gene product 
the expression of which has to be tightly controlled. Support for such a 
scenario came from the identification of a synthetic lethal interaction 
between the 5'->3' exoribonuclease Xmlp and RNase MRP (see chapter 4). 
Xrnlp is the major activity which is required for the turnover of mRNAs 
following mRNA deadenylation and decapping (Muhlrad et al., 1994b; 
Beelman and Parker, 1995). The involvement of Xrnlp in the formation 
of the mature 5' end of 5.8S rRNA following cleavage of the pre-rRNA at 
site A3  by RNase MRP does not provide a plausible explanation for the 
observed synthetic lethal interaction. This is because this processing 
pathway is non-essential (see above) and inhibition of A 3 cleavage in 
MRP RNA mutants (rrp2-1) is epistatic to inhibition of exonucleolytic 
processing by Xmlp (Henry et al., 1994). Furthermore, there is a nuclear 
homologue of the Xmlp nuclease, Ratip, which has been shown to have 
a partially redundant function (Johnson, 1997). Inhibition of the major 




the cell since XRN1 is a non-essential gene. It seems likely, however, that 
xrnl-4 cells require alternative mRNA turnover pathways in order to 
survive. This hypothesis is supported by the observation that the 
combination of mutations which inhibit both 5'->3' and 3'->5' 
exonucleolytic mRNA turnover pathways result in synthetic lethality 
(Jacobs Anderson and Parker, 1998). Similarly, endonucleolytic mRNA 
turnover mediated by RNase MRP might be essential in xml-u cells. 
Since RNase MRP is expected to function in a sequence /substrate specific 
fashion this is unlikely to involve a broad range of different mRNAs. 
However, as mentioned above, the accumulation of a single and crucial 
mRNA can be envisaged to be lethal for the cell. So far no example of 
endonucleolytically mediated mRNA turnover has been reported in yeast 
but several examples are known from higher eukaryotes. Human 
transferrin receptor mRNA has been shown to be turned over by site-
specific endonucleolytic cleavage in the 3' UTR region both in human and 
mouse cells (Binder et al., 1994). Another example is the X. laevis 
Xlhbox2B mRNA which was also shown to contain a sequence element in 
the 3' UTR which is sufficient to mediate site-specific endonucleolytic 
cleavage both in vivo and in vitro (Brown et al., 1995). Since the in vitro 
reaction could be performed also with Drosophila embryo extracts this 
reaction appears to be an evolutionarily conserved mechanism of post-
transcriptional regulation of gene expression. Further work, possibly 
involving specifically designed genetic screens, is required to investigate a 
possible role of RNase MRP in mRNA turnover. 
The advanced definition of both RNase MRP and the eukaryotic 
RNase P RNPs would now allow the dissection of the function of the 
individual components. Neither MRP RNA nor eukaryotic P RNA have 
been shown to be catalytically active on their own in vitro unlike the case 
for the structurally related bacterial RNA. This might indicate that the 
protein subunits are essential to aid the RNA components in catalysis, 
substrate recognition and product release. Alternatively, in the eukaryotic 
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endoribonucleases a protein enzyme might have taken over the catalytic 
reaction while, for example, substrate recognition still requires the 
presence of the essential RNA subunits. Additional functions for the 
protein components might involve assembly and transport of the 
particles as well regulation of function and specificity. With the 
components in hand these questions can now be addressed. 
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6.3 Lithium inhibition of RNA processing enzymes - a testable 
hypothesis for the action of lithium in higher eukaryotes 
One unexpected outcome of this thesis was the unravelling of the 
basis for lithium toxicity in yeast. These result are of particular interest 
since the molecular mechanisms of the effects of lithium on various 
organisms (including humans) are poorly understood. 
The monovalent cation Li has remarkable .therapeutic effects in 
the treatment of various neural diseases' (Rosenthal and Goodwin, 1982). 
In 1949, when the antimanic effects of lithium were first discovered, the 
toxicity of this drug hampered its immediate application. Therefore it was 
not until 1970 that lithium was finally approved by the FDA in the USA. 
Today lithium remains the most effective and most widely used agent for 
the treatment of patients suffering from bipolar disorder (manic 
depressive psychosis) where it controls the occurrence of extreme mood-
swings (Belmaker et al., 1996). Lithium is administered to an estimated 
one million patients on a daily basis world-wide and is one of the most 
important treatments in psychiatry. Lithium is increasingly used in 
treatment of other neural disorders, like aggressive and self-mutilating 
behaviour, cluster headache and also schizophrenia (Belmaker et al., 
1996). However, due to its narrow therapeutic index and its widespread 
use, acute lithium intoxication occurs quite frequently, mostly because of 
overdosage (Grignon and Bruguerolle, 1996). 
In contrast to the mainly positive therapeutic effects of lithium as a 
drug are its profound effects on the development of various organisms 
which were first observed more than a century ago (Herbst, 1892). Lithium 
inhibits the formation of the dorsal-ventral axis in Xenopus laevis 
embryos (Kao et al., 1986) and induces vegetalisation in sea urchin eggs 
(Livingston and Wilt, 1989). Moreover, Li alters cell fate determination 
in the slime mold Dictyostelium discoideum (Peters et al., 1989) and 
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affects pattern formation in the unicellular ciliate Tetrahymena 
thermophila (Jerka-Dziadosz and Frankel, 1995). 
Despite decades of clinical use, the molecular mechanisms 
underlying the therapeutic action of lithium have not been definitively 
established, nor are the molecular targets known which bring about the 
massive changes in the developmental program. The toxicity of this drug 
and unpleasant side effects make it desirable to understand the cellular 
targets of lithium and how its effects are mediated. The identification of 
these intracellular targets of lithium action offers the potential for the 
development of novel, improved therapeutic agents and, in conjunction 
with molecular genetic approaches, may facilitate the understanding of 
the biological factors which predispose individuals to manic-depressive 
illness. Furthermore, a better understanding of the way lithium acts may 
provide insights into the basic mechanisms of early development, such as 
pattern formation. 
Many of the proposed mechanisms for lithium action suggest the 
involvement of key components of signal transduction pathways as 
targets of lithium inhibition (Manji et al., 1995). Currently, the most 
widely accepted model is the "inositol depletion hypothesis" (reviewed by 
Berridge et al., 1989) which is based on the inhibition of inositol-
monophosphatases by lithium, leading to depletion of cellular myo-
inositol (see Chapter 6.3.2). 
In this chapter the work presented in this thesis on the molecular 
action of lithium in yeast is summarised, a previous hypothesis on the 
molecular action of lithium is discussed and a new hypothesis will be set 
forward for the molecular mechanism of lithium action in higher 
eukaryotes. 
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6.3.1 Lithium toxicity in yeast 
In chapter 4 the identification of a si interaction between a mutant 
in the HAL2 gene and a mutant in the RNA component of RNase MRP is 
described. Analysis of hal2 mutant strains showed that these strains are 
strongly inhibited in the activity of the 5'->3' exoribonucleases Xrnlp and 
Ratip. The accumulation of the cellular substrate of Hal2p, pAp, is 
responsible for this inhibition. This was confirmed by in vitro 
experiments using purified exonuc1eass which showed that pNp in 
general and pAp in particular are inhibitors of the exonucleases. This 
inhibition of the exonucleases is the basis for the sl interaction between 
hal2-1 and rrp2-1, as shown by the observation that the combination of 
the xml-A and rrp2-1 mutations results in synthetic lethality. Why the 
combination of those two mutations results in a si phenotype is not yet 
clear, however, it might arise from an involvement of RNase MRP in 
mRNA turnover (see above). 
Hal2p activity has been shown previously to be lithium sensitive 
(MurguIa et al., 1995). The observation that hal2 mutant strains are 
inhibited in exonuclease activity therefore prompted experiments to test 
whether this effect can be mimicked by lithium treatment of a wild-type 
strain. The results presented in chapter 5 show that this is indeed the case. 
Lithium treatment induced strong inhibition of all known processing 
reactions which involve the activity of the Xrnlp and Ratip enzymes. 
That this effect of lithium treatment was mediated by increased cellular 
pAp levels was demonstrated indirectly. Methionine supplementation of 
the growth medium completely abolished the inhibition of the 
exonucleases presumably because methionine suppresses the sulphate 
assimilation pathway in yeast which is the major source of pAp 
production (Thomas et al., 1992). Overexpression of Hal2p also resulted in 
suppression, probably because the increased enzyme concentration 
reduces intracellular pAp levels. Importantly, the suppression of the 
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biochemical inhibition of the exonucleases was accompained by 
suppression of toxicity suggesting that inhibition of the exonucleases 
contributes to lithium toxicity. It has been shown by others that lithium 
treatment of a wild-type strain results in strong cellular pAp 
accumulation (up to 3 mM) (MurguIa et al., 1996). 
Interestingly, RNase MRP activity, i.e. cleavage of pre-rRNA at site 
A3, was also inhibited by lithium treatment. This effect was, however, 
independent of cellular pAp accumulation since it was suppressed neither 
by methionine nor by Hal2p over-expression. Since yeast strains which 
carry a single nucleotide mutation in the RNA component of RNase MRP 
were lithium hypersensitive, it seems likely that RNase MRP is inhibited 
directly by lithium. The simultaneous inhibition of the exonucleases and 
RNase MRP by lithium in the wild-type strain reproduces the situation 
both in the initially identified si strain 158 (carrying the hal2-1 and rrp2-1 
mutations) and the subsequently produced sl strain which combines the 
xrnl-A and rrp2-1 mutations. This led to the conclusion that the toxicity of 
lithium to yeast cells is due to the simultaneous inhibition of two 
components, a phenomenon which we referred to as "synergistic 
toxicity". These results provide a previously unanticipated link between 
the molecular action of lithium and RNA processing. Since the cellular 
components involved in lithium toxicity in yeast are conserved in higher 
eukaryotes the possibility exists that similar mechanisms may contribute 
to the effects of lithium in higher eukaryotes. 
6.3.2 The Inositol Depletion Hypothesis 
The intensive search for molecular targets of the action of lithium 
identified several enzymatic activities which are strongly inhibited by the 
monovalent cation. Intriguingly, the most lithium sensitive activities 
known are the metal-dependent (Mg) and lithium-inhibited phospho-
monoesterases that can be grouped into a protein family based on a 
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conserved three-dimensional core structure (York et al., 1995). This family 
of proteins includes inositol polyphosphate 1-phosphatase, inositol 
monophosphate phosphatase, fructose 1,6-bisphosphatase and the 
bacterial and fungal Hal2p proteins. These proteins are involved in 
diverse metabolic pathways including inositol signalling, gluconeogenesis 
and sulphate assimilation and represent candidate enzymes which might 
account for the therapeutic, developmental and/or toxic actions of 
lithium. 
In 1989 Berridge et al. proposed a unifying hypothesis for the neural 
and developmental actions of lithium, the inositol depletion hypothesis 
(Berridge et al., 1989). Since this theory has been the most widely accepted 
working model for the molecular effects of lithium during the last decade, 
it is discussed in the following paragraph. The hypothesis predicts that the 
inhibition of inositol polyphosphate 1-phosphatase and inositol 
monophosphate phosphatase by lithium in the brain results in the 
depletion of the endogenous inositol pool. Figure 6.2 shows three 
different sources of inositol to which cells have access. Inositol can be 
recycled from inositol 1,3,4,5 tetraphosphate, a process which requires 
lithium sensitive inositol phosphatases. Secondly, it can be synthesised de 
novo from glucose-6-phosphate, but this also requires the lithium 
sensitive inositol monophosphate phosphatase. And, finally inositol can 
be taken up by the cell from blood plasma. However, the uptake pathway 
appears to be blocked in the brain due to the low permeability of the 
blood-brain barrier to inositol (Berridge et al., 1982). This observation 
might explain the high sensitivity of the brain to lithium. Inositol 
depletion is expected to interfere with the inositol phospholipid-
dependent intracellular signalling pathways, and will block the inositol 
1,4,5-trisphosphate-dependent and diacylglycerol-dependent response to 
exogenous cell surface stimulants. However, when lithium is injected 
into rats at therapeutically relevant concentrations the brain inositol 
levels were reduced by less than 10% (Belmaker et al., 1996). Likewise, in 
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patients suffering from manic-depression lithium treatment did not 
reduce the level of inositol in the cerebrospinal fluid (the level of brain 
inositol could not be directly assessed, of course). The expected slow down 
of the synthesis of phosphatidylinositol (Ptdlns) due to the reduced myo-
inositol pools could also not be observed (Godfrey et al., 1989). This led to 
the proposal that only a certain fraction of the cellular pool of Ptdlns is 
competent for signalling and that this fraction is especially susceptible to 
the intracellular inositol depletion (Monaco and Woods, 1983). 
Convincing proof for the validity of the tinositol depletion hypothesis in 
respect to the therapeutic actions of lithium is therefore still not available. 
Contradictory results have been reported concerning the developmental 
effects of lithium. Injection of Xeno pus embryos with lithium disrupts 
axis formation resulting in dorsalisation of the embryos (Kao et al., 1986). 
Consistent with the inositol depletion hypothesis these effects can be 
blocked by the co-injection of large amounts of myo-inositol (Busa and 
Gimlich, 1989). However, Klein and Melton (1996) showed, that the use of 
a different and one thousand time more potent inhibitor of inositol 
monophosphatase (the bisphophonate compound L-690,330; Atack et al., 
1993) could not duplicate the effects of lithium on the axis formation in 
Xenopus. It seems therefore unlikely that the developmental effects of 
lithium, at least in this organism, are mediated by the depletion of 
inositol. Taken together it seems clear that inositol phosphatases are 
targets of lithium inhibition both in humans and lower eukaryotic 
organisms. Whether the inhibition of these enzymes can account for the 
effects of lithium in neurobiology and development, and/or the toxicity 
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Figure 6.2: Inhibition of Phosphoinositide Metabolism by lithium. 
The precursor lipid Ptdlns(4,5)P2 provides the source for the generation of the second 
messengers diacyiglycerol and Ins(1,4,5)P3. The later is metabolised through two separate 
pathways which use both lithium sensitive (enzymes e and f) and lithium insensitive 
enzymes (a to d). Thus lithium inhibition of inositol polyphosphate 1-phosphatase (e) and 
inositol monophosphate phosphatase (f) blocks recycling of the endogenous inositol pool 
from phosphoinositide precursors. Synthesis of inositol de novo from glucose-6-P also 
requires the lithium sensitive inositol monophosphate phosphatase. Inositol can also be 
taken up from the blood plasma. The blood brain barrier is, however, highly impermeable 
to inositol. Lithium inhibition of inositol phophatases is therefore expected to result in 
depletion of inositol and subsequently of signalling competent Ins( 1 ,4,5)P3 in brain tissue. 
Thick lines indicate lithium sensitive and thin lines indicate lithium insensitive enzymatic 
reactions. (Ins = inositol; Ptd = phosphatidyl; P = phosphate; figure after Berridge et al., 
1989). 
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6.3.3 Lithium inhibition of RNA processing enzymes - a mechanism for 
the action of lithium in neurobiology and development? 
The observations made in this work on the lithium inhibition of 
RNA processing enzymes in Saccharomyces cerevisiae might represent a 
general mechanism for the action of lithium in higher eukaryotes. The 
likelihood of such a mechanism and ways to test it are discussed in the 
following paragraphs. 
In humans there is no 'real' sulphate assimilation pathway, since 
methionine is an essential amino acid which has to be taken up in the 
diet. However, sulphate is activated in the form of pApS, as is the case in 
yeast, and pApS is required in a multitude of sulphotransferase reactions 
resulting in significant production of pAp also in human cells (Falany, 
1997). Enzymes with the same activity as Hal2p have been purified from a 
multitude of organisms, including mammals (Ramaswamy and Jakoby, 
1987) and functional HAL2 homologues have been isolated from E. coli 
(Neuwald et al., 1992), Arabidopsis thaliana (Quintero et al., 1996) and rice 
(Peng and Verma, 1995). Five sulphotransferases have been identified to 
date in humans (reviewed in Weinshilboum et al., 1997). The 
exonuclease Xrnlp is conserved in evolution since the mouse protein can 
functionally complement a yeast xml mutant strain (Bashkirov et al., 
1997). Furthermore, human cells also contain RNase MRP (Lygerou et al., 
1996b; Gold et al., 1989) although it is not clear yet whether human RNase 
MRP has a function homologous to the yeast enzyme. Therefore, all 
components which participate in the inhibition of the RNA processing 
enzymes by lithium in yeast are likely to be present and, furthermore, 
well conserved in vertebrates including humans. The administration of 
lithium to patients or the treatment of developing organisms with 
lithium is therefore expected to result in the inhibition of Hal2p since 
this is the most lithium sensitive enzyme known. The half maximal 
inhibition of Hal2p is reached at 0.1 mM LiC1 (MurguIa et al., 1995), a 
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value which is well below the therapeutic blood plasma levels of lithium 
(1 to 1. 5 mM). Although the concentrations of lithium used on yeast in 
this study are two orders of magnitude higher than blood plasma levels in 
patients treated with lithium, it is known that yeast has very efficient 
mechanisms to reduce intracellular lithium concentrations (Rodriguez-
Navarro and Asensio, 1977). A central role in Li and Na efflux in yeast is 
played by the ENA 1 to 4 gene cluster and deletion of these genes reduces 
the toxic concentration of lithium to below 10 mM .(Quintero et al., 1996). 
Moreover, mutations in a number of other transport systems (NHA 1, 
PMR2) increase sensitivity to lithium, indicating that these also 
contribute to normal lithium efflux (Prior et al., 1996; Wieland et al., 1995; 
Jia et al., 1992). Lithium treatment of human cells is likely to lead to 
increased levels of pAp. The magnitude of this pAp accumulation in 
higher eukaryotes would be a crucial initial test of the validity of this 
hypothesis. In yeast pAp accumulated to 3 mM upon lithium inhibition 
of Hal2p in vivo mostly because sulphate assimilation is a major 
biochemical pathway in yeast (Thomas et al., 1992). It seems unlikely that 
similar values will be reached in human cells. However, the inhibition of 
the exonucleases by pAp in vitro was significant already at 0.1 mM pAp 
(40 to 65% inhibition) and even lower pAp concentrations might be 
required for significant inhibition under physiological conditions. 
Furthermore, cellular pAp levels might build up slowly over time 
following the inhibition of human Hal2p. This would agree with the 
therapeutic effects of lithium which take approximately two to three 
weeks of lithium administration to develop (Rosenthal and Goodwin, 
1982). Complete or very strong inhibition of the putative human Xrnlp 
homologue would be expçcted to be lethal and might contribute to 
lithium toxicity in human cells. A mild inhibition of the exonuclease 
would be expected to result in stabilisation and accumulation of mRNAs 
which have particularly short half lifes under normal conditions. The 
effects of such an mRNA stabilisation would be expected to have 
205 
Chapter 6 	 Final Discussion 
pleiotropic effects on gene expression and cellular metabolism, which 
might account for the versatile effects of lithium observed on various 
organisms. 
The formation of various mRNA concentration gradients within 
embryos is well established as a prerequisite for normal development in 
drosophila. The inhibition of exonucleases which control the abundance 
of mRNAs could therefore be readily envisaged to have dramatic effects 
on the development of an organism. The inhibition of RNase MRP could 
also make an important contributiomn to the action of lithium. 
Unfortunately, it is not clear at the moment whether human RNase MRP 
also processes pre-rRNA at a site which is homologous to site A 3 in yeast 
or whether this enzyme has additional cellular functions. Interestingly, 
treatment of HeLa cells with therapeutically relevant lithium 
concentrations (3 to 10 mM) resulted in aberrant processing of pre-rRNA 
in the human ITS1 region (E. Pascolo and D. Tollervey, personal 
communication). More detailed analysis of the human RNase MRP and 
pre-rRNA processing is, however, required to clearly interpret these. 
results. Figure 6.3 schematically summarises how lithium could influence 
RNA metabolism in higher eukaryotes. 
The speculations presented above on the inhibition of RNA 
processing reactions following lithium treatment in higher eukaryotes 
could easily be tested experimentally. An initial experiment to perform 
would be the injection of pAp into developing Xenopus or Drosophila 
embryos which would be predicted to result in abnormal development, as 
is observed upon lithium treatment. However, these experiments might 
be hampered by endogenous Hal2p activity. Co-injection of low 
concentrations of lithium, (which would normally not result in 
developmental defects) might be a solution to this problem. The expected 
elevation of intracellular pAp levels could be measured in developing 
embryos and in human cells grown in culture after lithium treatment. A 
major problem in testing the RNA processing mechanism of lithium 
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action is the lack of a sensitive exonuclease assay in a higher eukaryotic 
system. This could be achieved by testing the enzymatic activity of the 
cloned mouse Xml protein (or the human homologue once it is 
available) in the presence of pAp in vitro. In the event that considerable 
inhibition of exonuclease activity was observed in higher eukaryotes the 
main challenge would then be to identify the RNAs which could mediate 
specific effects. 
In conclusion, the observations made in this thesis on the 
inhibition of RNA processing enzymes by lithium add a new facet to the 
field of lithium research. It will be exciting to see whether RNA 
processing is the missing, link to an understanding of the fascinating 
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Figure 6.3: Hypothetical model for the action of lithium in higher eukaryotes. 
Sulphate is activated in the form of pApS which serves as substrate for a multitude of sul-
photransferase reactions. pAp, the sideproduct of suiphonation, is expected to accumulate 
in cells in which Hal2p is inhibited by lithium. By analogy to the situation in yeast, intracel-
lular pAp accumulation might result in inhibition of the 5'->3' exonuclease Xrnlp which 
would be expected to result in stabilisation of mRNAs and therefore in major changes in 
gene expression. RNase MRP might be inhibited directly by lithium resulting in inhibition 
of pre-rRNA processing and/or other functions of RNase MRP (e.g. mRNA turnover). 
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RNase MRP is a ribonucleoprotein (RNP) particle 
which is involved in the processing of pre-rRNA at site 
A 3  in internal transcribed spacer 1. Although RNase 
MRP has been analysed functionally, the structure and 
composition of the particle are not well characterized. 
A genetic screen for mutants which are synthetically 
lethal (SI) with a temperature-sensitive (ts) mutation 
in the RNA component of RNase MRP (rrp2-I) identi-
fied an essential gene, POP3, which encodes a basic 
protein of 22.6 kDa predicted molecular weight. Over-
expression of Pop3p fully suppresses the ts growth 
phenotype of the rrp2-1 allele at 34CC and gives partial 
suppression at 37C. Depletion of Pop3p in vivo results 
in a phenotype characteristic of the loss of RNase MRP 
activity; A 3 cleavage is inhibited, leading to under-
accumulation of the short form of the 5.8S rRNA 
(5.8S5) and formation of an aberrant 5.8S rRNA 
precursor which is 5'-extended to site A 2 . Pop3p deple-
tion also inhibits pre-tRNA processing; tRNA primary 
transcripts accumulate, as well as spliced but 5'-
and 3' -unprocessed pre-tRNAs. The Pop3p depletion 
phenotype resembles those previously described for 
mutations in components of RNase MRP and RNase 
P (rrp2-1, rpr1-1 and popi-1). ImrnunOl)recipitatiOn of 
epitope-tagged Pop3p co-precipitates the RNA compon-
ents of both RNase MRP and RNase P. Pop3p is, 
therefore, a common component of both RNPs and is 
required for their enzymatic functions in vivo. The 
ubiquitous RNase P RNP, which has a single protein 
component in Bacteria and Archaea, requires at least 
two protein subunits for its function in eukaryotic cells. 
Keywords: POP3 gene/RNA proce.ssing/RNase MRP/ 
RNase P/Saccharomv'es cerevisiac 
Introduction 
Primary RNA transcripts generally undergo a series of 
post-transcriptional processing reactions before they obtain 
their mature, functional form. Pre-mRNAs are matured 
by the excision of intron sequences by the spliceosome 
(Moore et al., 1993). 3' end processing and polyadenyl-
ation (Wahie and Keller. 1996). Pre-tRNAs are 5' and 3' 
end processed (Altman et al., 1993: Deutscher, 1995) and 
introns, when present. are removed by endonucleolytic 
cleavage and li gation reactions (Westaway and Abelson, 
1995). The rRNAs are transcribed in the form of a large 
precursor RNA, and the mature rRNAs are released 
by many endonucleolytic and exonucleolytic processing 
activities (Lafontaine and Tollervey. 1995). Many of 
these RNA processing reactions involve ribonucleoprotein 
particles (RNPs). The RNase MRP and RNase P RNPs 
are the only stable RNA—protein complexes identified to 
date which have been shown to function as endorihonucle-
ases. Their activities are required for the processing of 
pre-rRNA and pre-tRNAs, respectively. 
RNase MRP was identified as an in vitro enzymatic 
activity which cleaves RNA complementary to the mito-
chondrial origins of replication in vertebrate cells (Chang 
and Clayton. 1987). Although the role of RNase MRP in 
mitochondrial DNA replication has not yet been demon-
strated unambiguously in vivo. this in vitro assay allowed 
the isolation of RNase MRP RNA from several eukaryotes 
including yeast (Chang and Clayton. 1989: Topper and 
Clayton. 1990: Bennett et al.. 1992: Schmitt and Clayton. 
1992: Stohl and Clayton. 1992: Paluh and Clayton. 1995). 
The cloning of protein subunits was not, however, achieved 
by biochemical methods. At least 90% of the total RNase 
MRP content of a cell is located in the nucleolus (Reimer 
ci al.. 1987: Yuan et al., 1989: Kiss and Filipowicz. 
1992 Topper ci al.. 1992), and temperature-sensitive (ts) 
mutations in the MRP RNA component (Shuai and Warner. 
1991: Lindahl ci (i!.. 1992: Chu etal.. 1994), as well as 
depletion of yeast MRP RNA in viva. (Schmitt and 
Clayton. 1993) showed that RNase MRP is involved in 
processing of pre-rRNA. 
In eukaryotic cells., three of the four rRNA species are 
co-transcribed as a single precursor by RNA polymerase I. 
The processing of the large precursor rRNA does not 
comprise simple endonucleolytic cuts at the ends of the 
mature rRNAs. but involves a very complex series of 
reactions (Figure lB: for recent reviews, see Eichler 
and Craig. 1994: Venema and Tollervey. 1995). Two 
independent processing pathways lead to the production 
of the major. short form of 5.8S rRNA (5.8S s) and the 
minor, long form ( 58SL) (Henry et al.. 1994), the latter 
having seven additional nucleotides at the 5' end: forma-
tion of 5.8S 5 . but not 5.8S L, requires cleavage of the pre-
rRNA at site A 3 in internal transcribed spacer 1 (ITS]). 
Screening of a bank of ts-lethal yeast strains for mutants 
which had an altered ratio of 5.8S S :5.8S L led to the 
identification of Poplp. a protein subunit of RNase MRP 
(Lygerou ci tit., 1994). The direct involvement of RNase 
MRP in the formation of 5.8Ss rRNA, by endonucleolytic 
cleavage of the pre-rRNA at site A l (Figure 113). has 
been demonstrated (Lygerou ci (i!.. 1996a). Employing 
immunoaffinity-purified. epitope-tagged Poplp to purify 
RNase MRP, synthetically transcribed pre-rRNA substrates 
could be processed faithfully in vitro at cleavage site 
A 3 . Multicopy suppression of a ts mutant in the RNA 
component of RNase MRP led to the identification of a 
second protein component of RNase MRP. Snmlp(Schmitt 
and Clayton, 1994). 
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Fig. 1. Structure and processing of the yeast pre-rRNA. (A) Structure of the 35S pre-rRNA. Locations of the pre-rRNA cleavage sites (upper case) 
and the oligonucleotides (lower case. a—c) used for Northern hybridization and primer extension analysis are shown. (B) Pre-rRNA processing 
pathway. The 35S pre-rRNA undergoes snoRNP-dependent cleavages at site A 0  in the 5' ETS (generating the 33S pre-rRNA), Site A 1 at the 5' end 
of the 18S rRNA (generating 32S pre-rRNA) and site A in ITSI (generating the 20S and 27SA 2 pre-rRNAs). A 2 cleavage separates the pre-rRNA 
destined to form the small and large ribosomal subunits. The 20S pre-rRNA is cleaved, probably endonucleolytically, to generate the 18S rRNA. The 
27SA, pre-rRNA can be processed by two alternative pathways. In the major pathway. 27SA is cleaved by RNase MRP at site A 3 to generate the 
27SA3 pre-rRNA. A3 acts as an entry site for an exonuclease activity that degrades the pre-rRNA 5'—s3' to site BI s , generating the 5' end of the 
short form of the 27SB pre-rRNA. 27SB s. An alternative pathway leads to cleavage at site B . the 5' end of the 27SBL pre-1 -RNA. The processing 
of both 275B species appears to be identical. Processing at sites C1 and C2 separates the mature 25S rRNA from the 7S pre-rRNA. the latter then 
undergoes processing by 3'—s5' exonuclease digestion to produce the mature 3' end of 5.8S rRNA. 
In contrast to RNase MRP. which has only been 
identified in eukarvotes. RNase P is found in all phylo-
genetic domains. RNase P produces the mature 5' ends 
of all tRNAs by endoribonucleolytic cleavage of 5'-
extended tRNA precursors (for review, see Altman et al.. 
1993). Biochemical purification of this activity led to the 
cloning of RNase P RNA components from many different 
sources, including Saceharomyces ceret'isiae, Schiosac-
cha rem yces pombe. Xenopus iaevis and HeLa cells (Krupp 
et al., 1986; Bartkiewicz et al., 1989; Doira ci' al.. 1991: 
Lee et al., 1991). A 100 kDa protein was identified in 
association with purified RNase P from S.pomhe 
(Zimmerly ci al.. 1993), but the corresponding gene has  
not been cloned. The S.cerevisiae (Lygerou et al., 1994) 
and human POP! genes have been cloned and the putative 
Caenorhabdjtj.s elegans homologue identified (Lygerou 
et al., 1996b); the overall conservation of these proteins is 
very low (23% identity between human and S.cerevisiae). 
The bacterial RNase P enzymes contain only a single 
protein. C5, which also shows comparably low homology 
(Altman et al.. 1993). Despite this. RNase P activity can 
be reconstituted with the heterologous RNA and protein 
components from Escherichia co/i and Bacillus subtilis in 
functional, hybrid holoenzymes (Guerrier-Takada et al., 
1983). This indicates that both the tertiary structure and the 
function of the protein subunits are conserved. The RNA 
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component of the bacterial enzyme shows in vitro catalytic 
activity in the absence of the protein subunit (Guerrier-
Takada et al.. 1983). However, the presence of the protein 
co-factor stimulates the enzymatic activity considerably 
in vitro and is essential for viability in viva. In contrast, the 
RNA components of archaeal (Nieuwlandt et al.. 1991; 
LaGrandeur et al.. 1993) and eukaryotic RNase P enzymes 
do not show in vitro catalytic activity on their own, indicat-
ing a crucial requirement for protein subunits. 
RNase MRP and RNase P share structural and functional 
features. The RNA components of both particles show 
similar secondary structural elements, in particular the so-
called cage domain', a pseudo knot structure which con-
tains many of the conserved nucleotides and may represent 
the catalytic core of the molecule (Forster and Altman. 
1990). In yeast and humans, the particles share at least one 
protein subunit, the Poplp protein (Lygerou et al., 1994, 
1996b). Pop lp has also been shown to contain an antigenic 
determinant which is recognized by autoimmune sera 
derived from patients suffering from the connective tissue 
diseases systemic lupus erythematosus (SLE) and sclero-
derma (Lygerou et al., 1966b). These Th/To autoimmune 
sera immunoprecipitate two RNA species which have been 
shown to be identical to the RNA components of RNase 
MRP and RNase P (also referred to as 7-2 and 8-2 RNAs. 
respectively) (Gold ci al.. 1988. 1989: Yuan etal.. 1991). 
together with a number of proteins, including hPoplp 
(Lygerou et al.. 1996b). Furthermore, RNase P also pro-
cesses both in vitro substrates of RNase MRR the yeast pre-
rRNA (Lygerou etal.. 1996a) and the RNA complementary 
to the mitochondrial D-loop region (Potuschak etal.. 1993). 
Based on the common features of both particles., it has 
been proposed that RNase MRP arose from RNase P by 
duplication of the RNase P RNA gene in an early eukaryote 
(Morrissey and Tollervey, 1995). 
We were interested in the identification of new com-
ponents of RNase MRP and we therefore screened for 
mutants which are synthetically lethal (sl) with a ts 
mutation 0-rp2-I) in the RNA component of RNase MRP 
(Shuai and Warner. 1991: Lindahl etal., 1992). The rrp2-/ 
allele shows a wild-type phenotype when yeast cells are 
grown at 18°C. At 25°C the mutant strain is viable but 
cleavage of the pre-rRNA at site A 3 is strongly inhibited 
(Lygerou et al., 1994). The POP3 gene was identified by 
complementation of the sI phenotype of the obtained 
mutant strains. We show that Pop3p is a protein subunit 
not only of RNase MRP but also of RNase P. and that 
Pop3p is required for the function of both enzymes in ion. 
Results 
Screen for mutants which are synthetically lethal 
with a temperature-sensitive mutation in the RNA 
component of ANase MRP 
To screen for mutants which are si with a ts point mutation 
in the RNA component of RNase MRP 0-rp2-1) (Shuai 
and Warner. 1991), we produced a haploid i'rp2-1 yeast 
strain (YBD I) which contains a centromeric plasmid 
(pBD1) carrying the RRP2 gene together with the URA3 
and ADE3 marker genes. The presence of a functional 
ADE3 gene in an ade2/ade3 mutant background results in 
a red phenotype of the yeast cells, whereas the strain has 
a white phenotype in the absence of the ADE3 marker. 
Loss of the pBDl plasmid can. therefore, be monitored 
by the appearance of white sectors in the yeast colonies 
(Koshland et al., 1985: Kranz and Holm. 1990). 
In order to generate the sI mutant strains, the YBDI 
strain was plated on YPD medium. UV irradiated to 10% 
survival and grown at 24°C (see Materials and methods). 
At this temperature. the non-irradiated strain shows a 
sectoring phenotype. demonstrating that the cells do not 
depend on the pBDI plasmid. Approximately I X 10 cells 
survived the mutagenesis, of which 332 displayed a 
non-sectoring phenotype. To screen for truly plasmid-
dependent mutants, these strains were tested for their 
ability to grow on plates containing 5-fluoro-orotic acid 
(5-FOA) which counter-selects strains containing a func-
tional URA3 gene. Twenty-one strains did not grow on 
5-FOA plates, indicating that they are truly plasmid 
dependent. The 21 yeast strains were transformed with a 
plasmid containing the RRP2 gene and carrying LEU2 as 
a selectable marker (pRRP2-LEU2) or with the corres-
ponding empty vector as a control. Fifteen mutant strains 
regained sectoring only when transformed with pRRP2-
LEU2 and, therefore, carry mutations which are synthetic-
ally lethal with rrp2-J. 
Cloning of the POP3 gene 
In order to avoid the isolation of the RRP2 gene as a 
complementing activity, we took advantage of the ts-lethal 
phenotype of rrp2-1. Strain SL3 11 was transformed with 
a centromeric yeast genomic library and colonies which 
showed a sectoring phenotype were isolated. The white 
sectors of these colonies (which have lost the pBD1 
plasmid) were tested for the ts-lethal phenotype. Library 
plasmids carrying the RRP2 gene are expected to support 
growth in the white sectors at 37°C. the non-permissive 
temperature for rrp2-1. White sectors from four of the 
nine independent transformants tested did not grow at 
37°C. and the library plasmids from three of these strains 
were recovered in E.co!i. All plasmids contained an 
overlapping region of the yeast genome, which did not 
include the RRP2 gene. One library plasmid was mapped 
with restriction eiidonucleases, and deletion mutants were 
constructed (Figure 2A). A minimal 3.5 kb Hindlll frag-
ment complemented the sectoring phenotype (subclone 3, 
Figure 2A). DNA end sequencing of this fragment revealed 
part of the ERG24 gene (Lorenz and Parks. 1992). Using 
an ordered yeast genomic library (Riles et al.. 1993). the 
3.5 kb HindIlI fragment was mapped to chromosome XIV. 
Since the sequence of the chromosomal locus was not 
available, we sequenced both strands of the 3.5 kb Hindlll 
fragment, excluding the already published ERG24 
sequence. This region contains two open reading frames 
(ORFs) of 588 and 462 nucleotides, respectively. A 
suhclone which contains the complete 462 nt ORF (sub-
clone 5. Figure 2A) does not complement sectoring in the 
SL3 11 strain, nor does a subclone which excludes lit 
+446 to +588 (numbering relative to the ATG start 
codon) of the 588 nt ORF (subclone 4. Figure 2A). We 
conclude that the 588 nt ORF contains the complementing 
activity and designated it POP3, for processing Qf pre-
cursor RNAs 3 (the designation POP2 having been used for 
a gene implicated in the regulation of sugar metabolism). 
Using the same cloning strategy as described for SL3 11, 
seven plasmids which complemented the sI phenotypes of 
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Fig. 2. Characterization of the POP3 gene locus and disruption of the PQP3 gene, At Restriction map of the chromosomal locus containing the 
POP3 gene. The direction and position of ORFs present in one nt the recovered library plasmids which are derived from the complete DNA 
sequence of yeast chromosome XIV (P.Phitippsen et al., in preparation), are shown. The ORE .. .represents YNL284c. the ORF 'B' represents 
YNL283c. the ORF •(" represents YNL28Iw. the ERG24 ORF corresponds to YNL280c and the POP3 ORF corresponds to YNL282w. according to 
the nomenclature of the complete DNA sequence of yeast chromosome XIV (P.Philippsen et al., in preparation). The lines below the restriction map 
represent (I) a full-length library piasmid. (2). 3. 4> and 5 suhclones which were generated and tested for their ability to restore sectoring to 
SL3I I. The ability of the suhelones to restore sectoring is indicated by (+) and (–). respectively. (8) Schematic representation of the POP3 gene 
locus. Employing a one-step PCR method, the POP3 gene was disrupted by insertion of the HIS3 marker gene at the POP-3 chromosomal locus. 
(C) Southern blot analysts of diploid POP3Ipop3::HIS3 strains (lanes 1-8) and an isogenic wild-type strain (lane 9). Hindi lt-digested chromosomal 
DNA obtained from these strains yielded the expected wild-type and disrupted fragments (a 187 bp Hindlil fragment of the HIS3 gene is not 
shown). as indicated. 
three other strains (SL88. SLI 25 and SL 194) were isolated. 	ii si strains. Ten of the 11 remaining strains had a 
In each case, the complementing plasmids were found to sectoring phenotype when transformed with the POP3 
contain POP3. We therefore determined whether POP3 	gene (shown for SL3 11 in Figure 3A and data not 
also complements the sectoring phenotype of the remaining shown). 
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RRP2 + 
rrp2- 1 
rrp2-1, pPOP3 (m.c.) 
rrp2-1, pSNM1 (m.c.) 
Fig. 3. P(I'' 	 I .uJ u °Icc 	)ic N I\III [lIcIll\pc 1 the iip2-I iIIeie. A) The si strain SL3II was transfoed with 
the single cup pIasmid pRS-) I.. jRS4 L-Lh12-RRP2 pRkP2 . pRS4I5-LtiU2-POPI pPOPI . pRS4I5-LEU2-POP3 (pPOP3) or pMESI94-
LEU2-SNM I (pSNM 1. streaked on YPI) 44 g lucose) plates and incubated at 24°C for 10 days. (B) Serial dilutions (10-fold dilutions from left to 
right) were spotted onto SD-leu plates and incubated at 30.34 or 37°C. RRP2' )YBD3) is an otherwise isogenic wild-type strain of the rrp2-1 
mutant strain 0'13132): both strains contain the empty pRS425 vector. pPOP3 (YBD20) and pSNMI (YBD2I) indicate rrp2-I strains (YBD2) in 
which these proteins are overexpressed from multicopy plasmids (mc. = multicopy). 
POP3 encodes a 22.6 kDa protein which is 
essential for cell viability 
The POP3 gene encodes a basic protein (p1 9.64) of'  
22.6 kDa predicted molecular weight. Comparison of the 
POP3 sequence with sequences from databases did not 
reveal clear similarity to any known protein. We used a 
one-step PCR method (see Materials and methods: Baudin 
et al.. 1993) to disrupt the POP3 gene with the HIS3 
marker gene in a diploid yeast strain which carries a total 
deletion of the HIS3 locus (Figure 213. Correct integration 
of the HIS3 marker gene at the POP3 locus was confirmed 
by PCR (data not shown) and Southern blot analysis 
(Figure 2C). From one heterozygous diploid strain. 22 
tetrads were dissected, all of which gave rise to only one 
or two viable spores (data not shown). All viable progeny 
were His. When the disrupted diploid strain was trans-
formed with the wild-type POP3 gene on a centromeric 
plasmid carrying the URA3 marker, the tetrads gave rise 
to mostly three or four viable spores. All progeny which 
showed a His phenotype were non-viable on medium 
containing 5-FOA. showing that the haploid strains carry-
ing the pop3::H!S3 allele are plasmid dependent. POP3 
is, therefore, essential for cell viability. 
POP3 suppresses the ts growth phenotype of the 
rrp2- 1 allele 
To determine whether the si mutation in strain SL3 11 lies 
in POP3. chromosomal DNA from this strain was used 
as a template to PCR amplify and clone the POP3 gene. 
The gene was sequenced fully in DNA obtained from two 
independent E.co!i transformants. No identical mutations 
were present in the clones: two altered nucleotides were 
observed only in a single clone and can be attributed to 
infidelities during PCR amplification of the gene (data not 
shown). We conclude that in strain SL3II, the chromo-
somal POP3 gene is wild-type and the POP3 gene present 
on the CEN plasmid is acting as a low copy number 
suppressor of the sI phenotype. In has not yet been 
determined whether this is also the case for the remaining 
sI strains. 
The ability of POP3 to suppress the ts-lethal phenotype 
of the rrp2-1 mutation was also tested. When present on 
a low copy plasmid. POP3 confers only very weak 
suppression of the rrp2-1 growth phenotype at 34°C (data 
not shown). Expression of POP3 from a high copy plasmid 
fully suppresses the lethality of rrp2-I for growth at 34°C. 
but only partially suppresses lethality at 37°C (Figure 313). 
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In contrast. the SNMJ gene, which was identified as a 
multi-copy suppressor of a mutation in RRP2 (Schmitt 
and Clayton. 1994), suppresses the growth defect to wild-
type level at 37°C (Figure 313). Overexpression of Pop3p. 
therefore, partially suppresses the effects of a point muta-
tion in the RNA component of RNase MRP. 
The Popip and Sninlp proteins have been shown 
previously to be components of RNase MRP (Lygerou 
et al.. 1994: Schmitt and Clayton. 1994). To determine 
whether these genes complement the si mutations, the 
mutant strains were transformed with centromeric plasmids 
carrying the LEU2 marker and either the POPI or SNMI 
gene. All si strains maintained the red phenotype when 
transformed with the POP! plasmid, indicating that the 
si phenotypes are not due to mutations in POP!. fit 
contrast, all 14 sI strains which are complemented by 
POP3 also regained the sectoring phenotype when trans-
formed with the SNMI plasmid. The SNMI gene would 
not have been recovered as a clone which complements 
the sI mutations since it suppresses the ts-lethality of 
rr7)2-1. even when present on a single copy plasmid (data 
not shown), and would, therefore, have been discarded 
(see above). It is has not yet been determined whether the 
sl mutations lie in SNM/ or whether it is also acting as a 
low copy number suppressor. 
Pop3p is a common protein component of the 
RNase MRP and RNase P ribonucleoproteins 
The ability of the POP3 gene to suppress the is lethality of 
the rrp2-I allele suggested a possible physical interaction 
between the gene products. To test this, we constructed a 
chimeric POP3 fusion gene encoding two lgG binding 
domains of protein A from Staphylococcus aureus fused 
in-frame with the N-terminus of the POP3 ORF. This 
fusion gene (ProtA-POP3) was expressed on acentromeric 
plasmid (carrying the TRPI marker gene) under the control 
of the homologous POP3 promoter in a P0P31pop3:.H1S3 
diploid yeast strain. Tetrad dissection resulted in mostly 
three or four viable spores. All spores which showed a 
His phenotype were also Trp, showing that the ProtA-
POP3 construct is able to complement the pop3.:HIS3 
disruption. No growth difference was observed between 
the wild-type strain and a strain in which the chromosomal 
pop3::HIS3 allele is complemented by the plasmid-borne 
PmtA-POP3 gene, showing the ProtA-Pop3p fusion pro-
tein to be fully functional. Western blot analysis confirmed 
that the fusion protein is expressed with the expected 
apparent mol. wt of 37 kDa (data not shown). 
Immunoprecipitation experiments were performed (see 
Materials and methods) using cell lysates derived from 
the ProtA-POP3 strain (YBD32). As controls, a ProtA-
POP! strain (BSY4I4), a ProtA-NOPI strain and a 
non-tagged wild-type strain were used. Total RNA was 
extracted from equivalent amounts of mock-depleted total 
lysates (Figure 4. lanes 1. 4. 7 and 10). immune super-
natants (Figure 4. lanes 2, 5. 8 and 11) and precipitated 
IgG-agarose pellets (Figure 4. lanes 3. 6. 9 and 12) and 
then analysed by Northern hybridization. Approximately 
50% of the RNase MRP RNA was co-precipitated in 
the pellet fraction derived from the ProtA-Pop3p lysate 
(Fi gure 4, lane 3). Since the RNase MRP and RNase P 
RNPs have been shown to share the Pop 1 p  component 
(Lygerou et al.. 1994), we also tested for the association 
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Fig. 4. Co-precipitation of the RNase P and RNase MRP RNAs in the 
Pro(A-POP3 strain. Cell lysates were prepared from strains expressing 
ProtA-Pop3p (YBD32). ProtA-Pop Ip (BS Y4 14). ProtA-Nop Ip and a 
wild-type strain. Immunoprecipi tat ion experiments were performed as 
described in Materials and methods and total RNA was extracted from 
equivalent amounts of mock-depleted total lysates (lanes I. 4. 7 and 
lO), immuno-supernatants (lanes 2. 5. 8 and II) and lgG-agarose-
precipitated pellets (lanes 3. 6. 9 and 12). RNA was separated on a 
polyacrylainide gel and transferred for Northern hybridization. 
Oligonucleotides used for hybridization correspond to the RNAs 
indicated on the right of the figure. The upper hand in the RNase P 
RNA panel represents a 5'- and 3'-extended form of RNase P RNA 
which is probably the precursor of the mature RNase P RNA. 
of Pop3p with RNase P RNA. More than 90% of the 
RNase P RNA was co-precipitated from the ProtA-Pop3p 
lysate (Figure 4, lane 3). The 5'- and 3-extended, putative 
precursor of RNase P RNA (Lee et al., 1991) was also 
co-precipitated (Figure 4. lane 3). In contrast, we did not 
detect precipitation of snoRNAs U3. Ul4. U24. snRl0 or 
snR3() (Fi(Yure 4, lane 3 and data not shown) with ProtA-
Pop3p. As expected. RNase MRP RNA and RNase P 
RNA were co-precipitated efficiently and specifically from 
the ProtA-Popip lysate (Figure 4, lane 9) (Ly(Yerou etal.. 
1994). while the snoRNAs were co-precipitated only with 
ProtA-Noplp (Figure 4. lane 12 and data not shown) 
(Schimmang ('1 al.. 1989). Some variation in the efficiency 
of co-precipitation of the U3 and U14 snoRNAs with 
ProtA-Noplp was observed (Figure 4. lane 12: variation 
in the efficiency of precipitation of different snoRNAs with 
anti-Noplp antibodies has also been reported (Schimmang 
ci al.. 1989). No precipitation of any RNA species was 
observed in the lysate derived from the non-tagged strain. 
These data show clearly that ProtA-Pop3p specifically 
and efficiently co-precipitates the RNase MRP and RNase 
P RNAs. We conclude that Pop3p is a common protein 
component of RNase MRP and RNase P. 
Construction of a conditional POP3 allele 
In order to assess whether Pop3p is required for the 
function of RNase MRP and RNase P. we constructed a 
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Fig. S. Construction and growth curve of a conditional GAL10::pop3 
strain. (A) Representation of the chromosomal POP$ gene locus (not 
to scale) in the GAL1O::pop3 strain. A URA3—GALIO promoter 
cassette was inserted 20 nucleotides upstream of the POP.? ATG start 
codon. using PCR-generated restriction sites. The linear fragment 
represented was targeted to the chromosomal POP3 gene locus in a 
wild-type yeast strain (BWG1-7A). (B) Growth curve of the 
GALI0::pop3 strain (YBD34. tilled symbols) and the otherwise 
isogenic wild-type strain (BWGI-7A, open symbols) after shift from 
permissive galactose medium to repressive glucose medium. 
conditional POP3 allele. The chromosomal POP3 gene 
was placed under the control of the repressible GALIO 
promoter (Figure 5A) in a haploid yeast strain (GAL /0:: 
pop3. YBD34) (see Materials and methods). Correct 
integration of the URA3—GAL]0 fragment at the POP3 
locus was confirmed by Southern hybridization (data not 
shown). The GALIO promoter is induced when cells are 
grown in galactose medium. whereas transcription is 
repressed in glucose medium. Figure 5B shows growth 
curves obtained with a GAL10::pop3 strain and an other-
wise isogenic wild-type strain after shift from the permis-
sive galactose to the repressive glucose medium. During 
the first 10 h after shift to glucose medium, both strains 
exhibited it doubling time of 2.5 h. At later time points. 
the doubling time of the GALI0::pop3 strain steadily 
increased, while the wild-type control strain continued 
growth at the initial rate. After 30 h of repression. the 
GALIO::pop3 strain had a doubling time of 5 h. Since the 
GAL IO::pop3 strain did not cease growth completely, 
repression appears to be leaky. Repression of GAL-regu-
lated genes is generally not complete (Jansen etal.. 1993: 
Lafontaine et al.. 1995). 
Depletion of Pop3p in vivo results in phenotypes 
characteristic of the loss of both RNase MRP and 
RNase P activities 
To analyse the effects of Pop3p depletion on pre-rRNA 
and pre-tRNA processing, yeast cells from the 
GAL JO::pop3 strain and the isogenic wild-type strain were 
harvested at regular intervals following the shift from 
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Fig. 6. Pop3p depletion inhibits pre-rRNA processing. Equal amounts 
of total RNA obtained from a wild-type strain (BWGI-7A) after 
growth on galactose medium (lane I) or following growth for 25 h on 
glucose medium (lane 2), as well as RNA from the GALI0::p0p3 
strain (YBD34) after growth on galactose medium (lane 3), or 
following growth on glucose medium for 5 (lane 4). 10 (lane 5) and 
15 h (lane 6), were separated on a polyacrylamide gel and transferred 
for Northern hybridization. (A) Hybridization with oligonucleotide c 
(see Figure IA) against the mature 5.8S rRNA species. The ratio of 
the steady-state levels of 5.8Ss:5.SL has been quantitated with a 
phosphor-imager (Molecular Dynamics) and the values obtained are 
indicated. (B) Hybridization with oligonucleotide a (see Figure IA) 
complementary to a region of ITSI between sites A2 and A1 (upper 
panel), and oligonucleotide d (see Figure IA) complementary to the 
5' region of ITS2 (lower panel). In the upper panel, an aberrant 5.8S 
pre-rRNA molecule is detected which is 5' extended to site A 2 in 
ITS I. The lower panel shows the normal 7S rRNA precursor which 
represents 5.8S rRNA 3' extended to site C in ITS2. 
galactose to glucose medium. Total RNA was extracted and 
analysed by Northern hybridization and primer extension. 
A probe complementary to the mature 5.8S rRNA 
species reveals a clear change in the 5.8Ss:5.8St ratio in 
the GAL IO::pop3 strain during growth in glucose medium 
(Figure 6A). The ratio of these rRNA species in wild-
type strains is —7:1 but decreases in the GALI0::pop3 
strain to 3:1 after 15 hiii glucose medium, showing under-
accumulation of the major, short form of 5.8S rRNA 
(5.8Ss ). An oligonucleotide which hybridizes between 
sites A2 and A 2 (oligonucleotide a. see Figure IA) detects 
an aberrant precursor of 5.8S rRNA which is 5' extended 
to site A2 in ITS I. after 5 h of Pop3p depletion (Figure 
613. upper panel, lanes 4-6). The accumulation of this 
rRNA species would be predicted if pre-rRNA processing 
at site A 1  is inhibited while cleavage at site A2 and 
processing in ITS2 continue. In contrast, no changes in 
the levels of the normal 7S precursor (5.8S rRNA which 
is 3-extended to site C2 in ITS2, see Figure IB) were 
observed in the GALI0::pop3 strain (Figure 613. lower 
panel). These results indicate that A l cleavage is inhibited 
in the Pop3p-depleted strain. To evaluate the levels of 
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Fig. 7. Primer extension analysis through site A 1 . ( A) Primer 
extension analysis was performed, employing oligonucleotide d (see 
Figure IA) which hybridizes 5' of site C in ITS2. Total RNA derived 
from the GALIO::pop3 strain and the isogenic wild-type strain was 
used as described in the legend of Figure 6 (in the same lane order). 
The processing sites revealed as major primer extension stops are 
indicated on the right. DNA sequencing reactions on a wild-type 
rDNA plasmid using the same primer are indicated. (B) Over-exposure 
of the autoradiogramm presented above, in order to visualize the 
weaker primer extension stop at site A. 
A 3 cleavage during Pop3p depletion. primer extension 
analysis was performed using oligonucleotide d (see Figure 
IA) on total RNA from the GAL/O::pop3 strain and the 
otherwise isogenic wild-type strain. Oligonucleotide d is 
complementary to the pre-rRNA in ITS) , 5' of cleavage 
site C. and primer extension products show the levels of 
pre-rRNAs processed at B1 L . B! 5 and at cleavage sites 
within ITS 1. Figure 7 shows that pre-rRNA processing at 
site A 1 is reduced several-fold after 10 h of growth in 
glucose medium (Figure 713, lanes 3-6). The primer 
extension stop at site Bi s is also reduced (Figure 7A, 
lanes 3-6), in agreement with the under-accumulation of 
5.8Ss . The stop at site BI L is clearly increased after 10 h 
in glucose (Figure 7A, lanes 3-6) and a displacement by 
one nucleotide 5' is observed (Figure 7A. lanes 3-6). The 
basis of this displacement is unclear, but it is also observed 
in strains carrying mutations in POP! and RRP2 and is, 
therefore, diagnostic of a loss of RNase MRP activity. In 
contrast, the primer extension stop at site A is not affected 
in the GALIO::pop3 strain (Figure 7A. lanes 3-6). No 
alteration in the level of pre-rRNA cleaved at A 0 was 
observed and the levels of the other pre-rRNA species. 
35S. 32S. 27SA, or 20S and mature rRNAs 18S and 25S 
were unaffected by Pop3p depletion (data not shown). 
We conclude that Pop3p is required specifically for the 
cleavage of the pre-rRNA at site A 1 . The pre-rRNA 
processing phenotype of the Pop3p-depleted strain 
resembles that observed in strains depleted of the RNA 
component of RNase MRP or carrying the rrp2-1 mutation 
(Shuai and Warner, 1991; Lindahl et tit., 1992; Schmitt 
and Clayton, 1993) and in strains carrying the pop/-I 
mutation (Lygerou ci al., 1994). 
The ability of the overexpression of Pop3p and Snmlp 
10 suppress the A 3 cleavage defect of the rrp2-I mutation 
was assessed (Figure 8). The level of the 27SA pre-
rRNA was analysed by primer extension on RNA extracted 
from an rr1,)2-/ strain in which the POP3 gene is present 
on a high copy number plasmid, following growth at 34°C 
(Figure 8A). Although the ri-p2-I growth defect is fully 
suppressed by POP3 at this temperature (Figure 313). the 
level of the 27SA 3 is not increased detectably. Similarly. 
the ratio 5.8S s :5.8S L is also only slightly increased in the 
rip2-1 strain by overexpression of POP3 (Figure 813). 
This confirms the previous report (Henry ci al., 1994; 
reviewed by Tollervey. 1996) that the essential function 
of RNase MRP is not the cleavage of pre-rRNA at site 
A 3 . In contrast. overexpression of Snrn I  does increase the 
level of the 27SA pre-rRNA (Figure 8A) and substantially 
increases the ratio 5.8Ss:5.8S (Figure 813). 
The effects of Pop3p depletion on pre-tRNA processing 
were also assessed. A Northern blot was probed with an 
oligonucleotide complementary to the mature form of 
tRNA 3 ' (Figitre 9). As early as 5 h after transfer to 
glucose medium, the pre-tRNA3 Leu  primary transcript 
strongly accumulates, as does the processing intermediate 
which is spliced but 5' and 3' unprocessed (±5', +3'): 
the lower band which also accumulates may represent a 
5'-unprocessed. 3-trimmed species. In contrast, the pre-
tRNA species which is 5' and 3' mature but non-spliced 
(+IVS) is depleted (Figure 9A). Following 10 h of growth 
in glucose medium, the level of mature tRNA3h  is also 
reduced in the GAL JO:.'pop3 strain (Figure 913). The 
reduction in the level of mature tRNA3Ieh  is comparable 
with the reduction in the ratio of mature 5.8S S :5.8S L 
rRNA (Figure 6A). 
We also analysed two other spliced tRNAs (tRNA ( _CATm 
and tRNA UGG Pm). two non-spliced tRNAs (tRNA riuc 
and tRNA GCGGIY) and a dimeric tRNA transcript (tRNAArg_ 
tRNAp). The processing defects observed for these tRNA 
species were consistent with the results obtained from 
tRNA 3 t (data not shown), showing that the phenotype 
observed in the GALJO:.'1)op3 strain is not limited to a 
certain tRNA species. We conclude that Pop3p is required 
for the 5' and 3' processing of pre-tRNAs. The pre-
tRNA processing phenotype of the Pop3p-depleted strain 
resembles that observed in strains carrying mutations in 
the RNA component of RNase P (Lee ci al.. 1991) and 
in the Poplp component (Lygerou et al.. 1994). 
Components of RNPs are sometimes required fur the 
biogenesis or stability of the complex. The snRNPs 
involved in pre-mRNA splicing require the common Sm 
proteins for their biogenesis (('or review, see Mattaj et (i!., 
1993) and the U6 snRNA requires the snRNP proteins 
Prp3p. Prp4p. Prp6p and Prp24p for its stability (Blanton 
et (i!., 1992). We therefore determined the levels of RNase 
MRP and RNase P RNA during Pop3p depletion (Figure 
10). No decrease in the levels of the RNA components of 
RNase MRP or RNase P was observed. Constant levels 
of the snoRNAs U3 and U14 were also observed in the 
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Fig. 8. POP3 is not a suppressor of the A 3 processing defect of 
rrp2-1. (A) Primer extension analysis through site A3 using 
oligonucleotide d (see Figure IA) on total RNA derived from the 
indicated yeast strains which were grown at 23CC (lanes 1-4) and 
shifted to 34CC for 6 h (lanes 5-8) respectively. RRP2' (YBD3. lanes 
I and 5) is an otherwise isogenic wild-type strain of the rrp2-I mutant 
strain (YBD2. lanes 2 and 6). pPOP3 (YBD20, lanes 3 and 7) and 
pSNMI (YBD2I. lanes 4 and 8) indicate the overexpression (mc. = 
multicopy) of these proteins in the rrp2-I mutant strain (YBD2(. The 
processing sites revealed as major primer extension stops are indicated 
on the left. (R) Total RNA derived from yeast strains YBD3 (lanes I 
and 5). YBD2 (lanes 2 and 6), YBD20 (lanes 3 and 7) and YBD2I 
(lanes 4 and 8). as described in (A). was separated on a 
polyacrylamidc gel, transferred to a Hyhond N filter and probed with 
an oligonucleotide against the mature form of 5.8S rRNA 
(oligonucleotide c. Figure IA). The ratio of the steady-state levels of 
5.8S5:5.8SL has been quantitated with a phosphor-imager (Molecular 
Dynamics) and the obtained values are indicated. 
GALI0::pop3 strain (Figure 10). This strongly indicates 
that the loss of RNase MRP and RNase P functions is not 
a consequence of a requirement for Pop3p in the biogenesis 
or stability of either particle. Pop3p is, therefore, required 
Fig. 9. Pop3p depletion inhibits pre-tRNA processing. (A) Northern 
hybridization using an oligonucleotide complementary to the mature 
tRNA3. Total RNA derived from the GALIO::pop3 strain and the 
isogcnic wild-type strain was used as described in the legend of Figure 
6 (in the same lane order). The RNA was separated on a 
polyacrylamide gel, transferred to a Hybond N filter and hybridized. 
The positions of the primary transcript of tRNA 3 '. as well as the 5' 
and 3'-processed but non-spliced precursor (+ IVS). the spliced but 
5'- and 3-unprocessed precursor (+ 5'. + 3') and the mature 
tRNA3 	are indicated on the right. (B) Shorter exposure of the 
autoradiogram shown above in order to visualize the under-
accumulation of mature tRNA,3 Lcuafter 10-15 h of Pop3p depletion 
(lanes 5 and 6). 
for the function of the RNase MRP and RNase P RNPs 
ill ('jtO. 
Discussion 
A genetic screen was performed in order to identify novel 
proteins which physically and/or functionally interact with 
RNase MRP RNA or the RNase MRP particle. Fifteen 
mutant strains were obtained which are synthetically lethal 
with a ts mutation (rr1)2-1) in the RNA component of 
RNase MRP. To isolate genes which complement the sI 
phenotypes, four strains were transformed with a genomic 
library in a low copy number (CEN) vector. This led to 
the isolation of the POP3 gene from all four sl strains. 
The POP3 gene also complements the si phenotype of 
10 of the 11 remaining strains. One strain which is 
complemented by POP3 (SL3I I) was chosen for detailed 
analysis. To determine whether the sI mutation in SL3I 1 
lies in POP3. the chromosomal gene was cloned and fully 
sequenced. No mutations were found, showing that POP3 
is acting as a low copy number suppressor of the si 
phenotype in SL3 II. The presence of POP3 on a low 
copy number plasmid also confers weak suppression of 
the ts-lethal phenotype of the rrp2-I mutation: when 
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Fig. 10. Steady-state levels of RNase MRP RNA, RNase P RNA and 
the SQORNAS U3 and U 1 during Pop3p depletion. Total RNA derived 
from the G4L10.:pop3 strain and the isogenic wild-type strain was 
used as described in the legend of Figure 6 (in the same lane order), 
separated on a polyacrylamide gel, transferred for Northern 
hybridization and probed with oligonucleotides complementary to the 
RNA species indicated on the right. 
present on a high copy number vector. POP3 gives good 
suppression of rrp2-I at 34°C but not at 37°C. 
Pop3p is physically associated with RNase MRP in vivo, 
as shown by the co-immunoprecipitation of RNase MRP 
RNA with ProtA-Pop3p. Furthermore, the RNA com-
ponent of RNase P. as well as a 5'- and 3'-extended 
putative precursor, are also co-precipitated with ProtA-
Pop3p. This demonstrates that, like Popip, Pop3p is 
common to RNase MRP and RNase P. The RNase MRP 
RNA is co-precipitated less efficiently with ProtA-Pop3p 
than is RNase P RNA; this may be due to differences in 
the accessibility of the protein A moiety in the RNP 
particles. Similar variation in the efficiency ofco-precipita-
tion of other snoRNAs with ProtA-Nopip was observed. 
All of the sI strains to which sectoring is restored by 
the POP3 gene. including SL3 11, also show a sectoring 
phenotype when transformed with the SNMI gene. SNMJ 
was isolated as a multicopy suppressor of an rrp2 mutation 
and Snmlp is physically associated with RNase MRP but 
not with RNase P (Schmitt and Clayton. 1994). In contrast, 
the presence on a plasmid of the POPI gene, which 
encodes another protein component of RNase MRP. does 
not complement the sI phenotypes of any of the mutant 
strains. It seems likely that both POP3 and SNMI act 
as suppressors of the sI phenotype because increased 
expression of the proteins allows more efficient assembly 
with the mutant MRP RNA component. 
Depletion of Pop3p in vivo inhibits the functions of 
both RNase MRP and RNase P. The major pre-rRNA 
processing pathway, which leads to the formation of the 
5.8S 5 rRNA, requires endoribonucleolytic cleavage by 
RNase MRP (Lygerou et al.. 1996a). Previously described 
mutants in the MRP RNA (Shuai and Warner. 1991: 
Lindahl el al.. 1992; Chu et al.. 1994) and the Popip  
(Lvgerou ci al., 1994) component of RNase MRP result 
in inhibition of this cleavage event. Here we show that 
depletion of Pop3p results in a phenotype which is 
consistent with the inhibition of RNase MRP function. 
Pre-rRNA cleavage at site A 3 is specifically inhibited, 
resulting in an altered ratio of the 5.8S S :5.8S L rRNAs and 
the accumulation of an aberrant pre-rRNA molecule which 
is 5' extended to site A7 in ITS 1. Likewise, mutants in 
the RNA (Lee et al.. 199 1) or protein component (Lygerou 
et al., 1994) of RNase P show a tRNA processing 
phenotype which resembles the depletion phenotype of 
the GALIO:.pop3 strain. Pre-tRNAs accumulate which are 
5' and 3' unprocessed while pre-tRNA splicing continues. 
This demonstrates that Pop3p is not only physically 
associated with both particles, but is also required for the 
in vivo functions of both enzymes. 
What role does Pop3p play in the complexes? Pop3p 
is not simply required for the stability or the maturation 
of the RNP complexes or RNA components, since deple-
tion of the protein does not affect the cellular levels of 
either RNA component. We cannot formally exclude a 
role for Pop3p in the correct cellular localization of the 
RNPs, but this does not appear very probable. 
The POP3 gene is essential for cell viability, as is the 
case for all protein or RNA components which have been 
identified as constituents of either RNase MRP or RNase P. 
The role of RNase P in the maturation of the 5' end of 
all tRNAs is clearly essential (Altman et al., 1993). This 
is not the case for RNase MRR The cleavage of pre-
rRNA at site A 3 is a non-essential event, since cells which 
lack A 3 cleavage due to a mutation in cis deleting the 
cleavage site are viable (Henry ci al., 1994). The reported 
function of RNase MRP in mitochondrial DNA replication 
is also non-essential, since yeast cells lacking nìitochon-
drial DNA are viable. Therefore, we predict that there is 
another, so far unidentified, function for the RNase MRP 
enzyme. This is supported by our observation that the 
overexpression of the POP3 gene in a rrp2-1 ts strain at 
34°C restores cell viability but does not restore A 3 
cleavage. 
The Pop3p protein does not exhibit significant similarity 
to any known protein. In Bacteria and Archaea. RNase P 
contains a single protein of 14 kDa (Altman et al., 1993). 
The mitochondrial RNase P from S.cerevisiae also requires 
only a single protein component (Rpm2p) of 100.5 kDa 
for its activity (Morales et al.. 1992; Dang and Martin, 
1993). In eukaryotes. however, at least two proteins are 
required for nuclear RNase P function (Pop ip and Pop3p). 
This is an unexpected result, since biochemical purification 
of nuclear RNase P activity from S.pombe resulted in the 
co-purification of RNase P RNA and a single 100 kDa 
protein (Zimmerly ti al., 1993), which is similar in size 
to yPoplp and hPoplp (Lygerou et al., 1996b): a protein 
similar in size to Pop3p (22.6 kDa) was not observed in 
these experiments. 
The identification of Pop3p as a common protein subunit 
of the RNase MRP and RNase P RNPs strongly supports 
the hypothesis that both particles are closely related in 
evolution (Morrissey and Tollervey, 1995). Although the 
primary sequences of the MRP and P RNAs are not well 
conserved, they have similar secondary structures (Forster 
and Altman. 1990) and the particles share at least two 
protein subunits (Poplp and Pop3p). These common 
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Table I. Yeast strains 
Strain Genotype Reference 
YBDI MATm ade2, ade3, leu2, his3, trpl, ura3. rrp2-1. IpBDI] this work 
YBD2 M.4Ta, ade2. ade3, !eu2. !,is3, trpl. ura3. rrp2-I. 1pRS4251 this work 
YBD3 MATes. ade2, ade3. leu2, his3, trp/. ura3. RRP2. 1pRS425] this work 
YBD20 MATcL ade2. ade3. /eu2, his-3. irpi, urai, rrp2-1. [pRS425-POP3] this work 
YBD2I MATes. ade2, ade3. leu2, his3. trpl. ura3. rrp2-1. 1pRS425-SNMI I this work 
YBD30 MA Ta/MA Ta. ade2-11ade2-1. I,is3-s2001his3-200, leu2-3, 112/leu2-3. 112. trpl-1/rr1)1-1,ura3-1/ura3-I, this work 
ca,,]- 100kw, 1-100, pap3:./-11S3 
YBD32 MATes. ade2-1. his3-200, 1eu2-3.112. trpl-1, ura3-1. cw,I-I00, pop3::111S3. [pRS314-TRPI-ProtA-POP3] this work 
YBD34 MATa. adel-100, his4-519. k'u2-3.112. ura3-52. GALIO:.pop3 this work 
SL3 II MATes aa'e2. ade3. leu2. Izis3, irpi. ura3, rrp2-1. sl3I/. tpBDII this work 
BMA38 MA TIJJMA Ta. ade2-I/ade2-1, his3-2001his3-200, leu2-3. l/2/leu2-3. 1/2. trp1-11rrpl-1.ura3-1/ura3-1, Baudin ci al. (1993) 
COO 1-100/can 1-100 
ProtA-NOP1 MATi.. ode, leu, trp. irs. ura3, ,wpl::URA3, IpUN 100-ProtA-NOP II Jansen et al. (199 1) 
BSY4I4 MATa, ura3-52, a,4. leu2-3.112, ade2. trpl-289. popl::TRPI. IpRS4I5-ProtA-POPI] Lygerou etal. (1994) 
BWGI-7A MATa. adel-100, his4-519, leu2-3,112, ,sra3-52 L.Guarente (MIT. 
Cambridge) 
structural features may explain the ability of the particles 
to cleave the same substrates in turn: both RNase MRP 
and RNase P can process the RNA complementary to the 
mitochondrial D-loop region (Potuschak et al.. 1993). 
RNase P can also cleave the yeast pre-rRNA at site A 3 
in vitro (Lygerou et al.. 1996a) but not in viva. The high 
degree of similarity between these two enzymes raises the 
question of which component(s) are required for the 
substrate specificity of the particles in viva. Identification 
of protein components of the particles in S.cerevisiae now 
allows us to address this question. 
Materials and methods 
Microbiological techniques, strains and media 
Growth and handling of S.cerc'tisiae (Sherman, 1991) and E.eoli 
(Maniatis etal.. 1982 ssere by standard techniques. Yeast transformations 
were carried out according to Gietzei al. (1992). Plasmid recovery from 
yeast into Era!i was performed as described in Rohzyk and Kassir 
(1992). Table I lists the yeast Strains used in this study. 
For Pop3p depletion, cells growing exponentially in galactose minimal 
medium (SGaI-ura) at 30°C were harvested by centrifugation, and 
resuspended in glucose minimal medium (SD-ura). During growth, cells 
were diluted with pre-warmed medium and constantly maintained in 
exponential phase. 
Plasmids 
The RRI'2 gene tnt -271 to +388 relative to the transcription start site 
(± I)J \sas amplified by PCR from yeast genomic DNA using the 
following primer pair: RRP2-5' AAAGGATCCGTCAGGGCTCU-
CAAC and RRP2-3 AAAGTCGACTGCTAAAAAATAGTGTAA. The 
PCR-generated BamHI and Sail restriction sites were then used to clone 
the PCR product (which was verified by DNA sequencing and found to 
contain a C--->G mutation at position -217) into the BaniHI and Sall 
sites of plasmid pHT4467 (CEN-URA3-ADE3, Venema and Tollervey. 
1996). yielding plasmid pBDI, and into the same sites of plasmid 
pRS415 (CEN-LEU2 . Stratagene). yielding plasmid pRS4I5-LEU2-
RR P2 
Isolation of mutant yeast strains which are synthetically 
lethal with rrp2- 1 
Before mutagenesis. the YBD I strain ssa grown in liquid medium 
(SD-ura) to an flm of -0.6. Approximately I X 10 cells were 
plated on YPD (4 17c glucose) plates. UV irradiated (X= 254 nm) for 40s 
and incubated at 24°C for 7-10 days. About IX 10 5 cells survived the 
mutagenesis (-l()%). most of which exhibited a sectoring phenotype. 
For the first 24 h, incubation was in the dark in order to inactivate 
the photoreactivation repair pathway. One thousand non-sectoring red 
colonies initially were picked and streaked on YPD (4% glucose). A red 
phenotype was retained in 332 strains when restreaked on the same 
medium. True plasmid-dependent growth of those strains was then tested 
by plating the 332 strains on medium containing 5-FOA (0.1% w/v). 
Twenty one strains did not grow on 5-FOA. demonstrating plasmid 
dependence. After test transformations with plasmids pRS4I5-LEU2-
RRP2 and pRS415 (LEU2. CEN: Sikorski and Hieter. 1989). 15 red 
synthetic lethal mutants remained. Test transformation with pRS415-
LEU2-POPI did not restore sectoring in any of the sI strains, whereas 
transformation of the sl strains with pMESI94-LEU2-SNMI (Schmitt 
and Clayton. 1994) restored sectoring in 14 out of 15 strains. 
Cloning of POP3, DNA sequencing and gene disruption 
To clone genes which are able to complement the sI phenotype of the 
obtained sI strains but are different from RRP2 and SNMI, one sI strain 
(SL3II) was transformed with a yeast genomic library in pUN 1000 
(LEU2. CEN: Bergès ci al.. 1994) and plated on SD-leu medium. After 
5 days. the colonies were replica plated on YPD (4 1/( glucose) plates 
and grown for an additional 5 days. Out of -5000 transformants. nine 
regained a sectoring phenotype. White sectors were purified and tested 
for growth at 37°C. Four of the white strains showed a ts phenotype. 
which was interpreted as indicating that they did not carry the RRP2 or 
SNM/ genes on the plasmid. Three of these strains were used to recover 
the library plasmids in E.coli. 
The recovered plasmids were characterized by restriction digestion 
and shown to contain an overlapping region of the yeast genome. which 
was mapped to chromosome XIV with the use of an ordered yeast 
genomic library (Riles ci (i!.. 1993). One library plasmid was used to 
construct deletion mutants which were cloned into pRS4I5 and tested 
for their ability to complement the sI phenotype. A minimal 3.5 kb 
HindIII complementing fragment was obtained (plasmid pRS415-LEU2-
POP3. and DNA sequencing of the ends of the 3.5 kb insert using 
primers complementary to the polylinker region of the vector revealed 
the partial ORF of the ERG24 gene (Lorenz and Parks.. 1992). Both 
strands of the 3.5 kb HindIlI fragment were sequenced by primer 
walking, excluding the already published ERG24 sequence (EMBL 
accession No. X95844). Two complete ORFs were identified, encoding 
potential proteins of 195 (588 nt. designated POP.?) and 153 (462 no 
amino acids, respectively. Deletion mutants within the 588 nI ORF 
(POP3) showed that the complementing activity could be attributed to 
this gene. Three other sI strains (SL88. SL 125 and SL194) were similarly 
transformed with genomic libraries. Seven clones were recovered from 
these strains, all of which contained the POP3 gene. 
To construct a I'0P3 null allele, a one-step PCR method was employed 
according to Baudin ci al. (1993). The 11IS3 gene was PCR amplified, 
using the following primer pair: oligo-pro: TTITI'CCTCGCTTTCTC-
TGCCCAC'ITflTfCTTCTGTCfl'CTAGTCGTFCAGAATGACACG 
and oligo-term: GCAGGTGTATAAGCCCGTGCTAGACAATCCGTF-
CACAAACGAACTC'VFGGCCTCCTCTAG. The linear PCR fragment 
was gel-purified and used to transform the diploid yeast strain BMA38 
(Rothstein. 1991). His transformants were tested for correct integration 
by PCR and Southern analysis. One heterozygous P0P31pop3::H/S3 
diploid strain (YBD30) was sporulated and tetrads were dissected. 
Twenty two dissected tetrads gave rise to either one or two viable 
spores, which were always His. The plasmid pRS316-URA3-POP3 was 
transformed into the strain YBD30 and the resultant strain was sporulated 
and tetrads were dissected. Mostly three or four viable spores were 
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obtained. All spores ahich carried the HIS3 marker were unable to  
on plates containing 3-11)A. which selects for loss of the pRS3 I 
URA3-POP3 plasmid. 
Epitope tagging of Pop3p with protein A 
Ti) construct a PmiA-POP3 fusion gene. a 395 bp N,I--boR1 Iragnient 
encoding two lgG binding domains of S.atireus protein A was recovered 
from plasrnid p28NZZtrc (Grandi et al.. 1993) and fused to a PCR-
generated BainHI-Ncol fragment comprising the promoter region of 
POP3 (nt -5(X) to -1. numbering relative to the ATG start codon) in 
pRS3I4 (TRPI-CEN. Sikorski and Hieter. 1989), to give the cloning 
intermediate pBD20. The primers used for amplification of the Banif-Il-
Neal fragment ac: ProtA-1 AAAGGATCCAAAAACCTGCTGTAAAT 
and ProtA-2 AAAAACCACGGCTACTFACCGTCUGAT. A PCR-
amplified EcoRl-KpnI fragment containing the complete POP3 coding 
sequence (t +1 to +588) was then cloned into pBD20. in-frame, 
immediately before the initiation codon, to generate the P1su.4-.POP3 
fusion gene resulting in pBD25. The primers used for amplification of 
the POP3 coding sequence are: primer ProtA-3 AAAGAATTCAATGT-
CGGGCGGGTCGTTAAAA and primer ProtA-4 AAAGGTACCCTA-
CTVVI'GCCTCUCTT. All PCR-amplified regions were verified by 
sequencing. 
pBD25 was then used to transform a heterozygous P0P31pop3::HIS3 
diploid strain (YBD30). Subsequent sporulation and tetrad dissection 
yielded a haploid strain (YBD32) carrying the 1iop3..HIS3 deletion 
complemented by the Prot.1-POP3 fusion gene. 
Immunoprecipitation of ProtA-Pop3p 
Yeast whole cell extracts were prepared essentially as described) Sdraphin 
and Roshash. 1989). lmrnunoprecipitation experiments were performed 
as previousl described lLygerou ci of.. 1994i. 
Construction of a conditional GAL 1O::pop3 allele 
To construct a conditional GALJO::pop3 allele, a 1.5 kb Hiodlll-BamHl 
fragment containing the URA3 marker gene and the GAL/0 promoter 
cassette )Guarente et al.. 1982) was fused to the promoter region of the 
POP3 gene (nt -50) to -21. numbering relative to the ATG start codon, 
in pBS(KS+) (Stratagene), resulting in the cloning intermediate pBD23. 
The POP3 promoter region was PCR amplified as a Kpnl-HindllI PCR 
fragment, using the primer pair: primer GAL-I AAAGGTACCAAA-
AACCTGCTGTAAATG and primer GAL-2 AAAAAAGCUCCT-
CACCTTCCTI'GT. A PCR-amplified BwnHl-Soel fragment containing 
the complete POP3 coding sequence mm -20 to 4-588) was then cloned 
into pBD23. creating pBD27. The primers used for amplification of the 
Bwnl-II--SacI POP3 fragment (t -20 to +588) are primer GAL-3 
AAAGGATCCAATCAAGACGGTAAGTA and primer GAL-4 AAAA-
GAGCTCCTGCGCGGGTAAT1TTGT. All PCR-generated fragments 
were verified by sequencing. A linear KpnI-Sacl fragment from pBD27 
was gel purified and used to transform a wild-type haploid yeast strain 
(BWGI-7A). Ura transfomiants were isolated on SGal-ura plates and 
correct integration of the GAL/0..pop3 construct was verified by 
Southern blot anal vsi s (data not shown). 
RNA extraction, primer extension and Northern 
hybridization 
RNA was extracted as described previously Tollervey and Mattaj. 
1987). Northern hybridization (Tollervey, 1987) and primer extension 
(Beltrarne and Tollervey. 1992) were as described previously. Oligo-
nucleotides were used for pre-rRNA Northern h\hriditation and primer 
extension. Oligonucleotide a is ATGAAAACTCC'ACAGTG: oligo-
nucleotide b is CCAGTTACGAAATFCTTG: oligonucleotide c is 'ITT-
CGCTGCGTTCTTCATC: oligonucleotide d is GGCCAGCAATTT-
CAAGT: and oligonucleotide e is AGA1TAGCCGCAGYTGG. Oligo-
nucleotides were also used for hybridization of tRNA. The mature 
tRNA ) t 1  probe is GCATC1TACGATACCTG: the mature tRNA vocA) 
probe is ('TACCAACTGCGCCATG: the mature tRNA t cc-, probe is 
TACCACTAAACCACTAGC: the mature tRNA 1()0 probe is ACCCA-
GGGCCFCTCG: the mature tRNACC ATrr probe is AACCTGCAA-
CCCTTCGA: and the probe against the mature tRNA\rg  of the dimeric 
RNA transcript tRNAArC_tRNAt5p  is GTCGAACCCATAATCTTC. 
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Hal2p is an enzyme that converts pAp (adenosine 3'.5' 
bisphosphate), a product of sulfate assimilation, into 
5' AMP and P. Overexpression of Hal2p confers 
lithium resistance in yeast, and its activity is inhibited 
by submillimolar amounts of Li' in vitro. Here we 
report that pAp accumulation in HAL2 mutants 
inhibits the 5'-3' exoribonucleases Xrnlp and Ratip. 
Li treatment of a wild-type yeast strain also inhibits 
the exonucleases, as a result of pAp accumulation due 
to inhibition of Hal2p; 5' processing of the 5.8S rRNA 
and snoRNAs, degradation of pre-rRNA spacer frag-
ments and mRNA turnover are inhibited. Lithium also 
inhibits the activity of RNase MRP by a mechanism 
which is not mediated by pAp. A mutation in the 
RNase MRP RNA confers Li hypersensitivity and is 
synthetically lethal with mutations in either HAL2 or 
XRNI. We propose that Li toxicity in yeast is due to 
synthetic lethality evoked between Xrnlp and RNase 
MRP. Similar mechanisms may contribute to the effects 
of Li . on development and in human neurobiology. 
Keywords: exonucleases/lithiumlRNA processing/RNase 
MRP/sulfate assimilation 
Introduction 
The monovalent cation Li has remarkable therapeutic 
effects in the treatment of various neural diseases and 
remains the most effective agent for the treatment of 
patients suffering from bipolar disorder (manic depressive 
psychosis) where it controls the occurrence of extreme 
mood swings (Rosenthal and Goodwin. 1982). However. 
due to its narrow therapeutic index and its widespread 
use, acute Li intoxication occurs quite frequently, mostly 
because of overdosage (Grignon and Bruguerolle. 1996). 
In contrast to the mainly positive therapeutic effects of 
Li as a drug are its profound effects on the development 
of various organisms which were first observed more than 
a century ago (Herbst. 1892). Li inhibits the formation 
of the dorsal—ventral axis in Xenopus Iaecis embryos (Kao 
et al., 1986) and induces vegetalization in sea urchin eggs 
(Livingston and Wilt, 1989). Moreover, Li alters cell fate 
determination in the slime mold Dicrt'oste!iuni discoideuni 
(Peters et al., 1989) and affects pattern formation in 
the unicellular ciliate Tetrahvmena therniophila (Jerka-
Dziadosz and Frankel, 1995). 
Despite decades of clinical use, the molecular mechan-
isms underlying the therapeutic action of Li' have not 
been established definitively, nor are the molecular targets 
known which bring about the massive changes in the 
developmental program. Many of the proposed mechan-
isms for Li action suggest the involvement of key 
components of signal transduction pathways as targets of 
Li inhibition (Manji et al.. 1995). Currently, the most 
widely accepted model is the 'inositol depletion hypo-
thesis' (Berridge et al., 1989) which is based on the 
inhibition of inositol monophosphatases by Li t , leading 
to depletion of cellular myo-inositol. Inositol depletion 
may result in insufficient regeneration of inositol 1,4,5-
trisphosphate and thus block the response to exogenous 
signals which are mediated by inositol 1 .4.5-trisphosphate-
dependent signaling pathways (Berridge el al., 1989). 
However, the use of a different inhibitor of inositol 
monophosphatases (the bisphosphonate L-690.330) failed 
to duplicate the developmental defects in Xenopus that 
are induced by Li*  (Klein and Melton, 1996). 
The HAL2IMET22 gene was identified in two independ-
ent genetic screens: as a mutation leading to methionine 
auxotrophy (Masselot and de Robichon-Szulmajster, 1975) 
and as a gene which confers salt tolerance to yeast upon 
overexpression (Glaser ci al.. 1993). Further characteriz-
ation showed Hal2p to he a 3'(2').5' bisphosphate nucleo-
tidase which is required for the turnover of a side product 
of sulfate assimilation. adenosine 3'.S' hisphosphate (pAp) 
(MurguIa et al., 1995). Sulfate assimilation in Saccharo-
nnces cerevisiae is initiated by the production of adenosine 
5'-phosphosulfate (ApS) from ATP and sulfate. This is 
followed by phosphorylation of ApS forming 3'-phospho-
adenosine. 5'-phosphosulfate (pApS). A subsequent pApS 
i'eductase reaction then yields sulfite and pAp. Sulfite is 
reduced further to sulfide which is incorporated into 
homocysteine which can be metabolized to methionine, 
one end product of sulfate assimilation (Thomas et al., 
1989). The methionine auxotrophy of HAL2 mutants is 
not, however, simply due to the inhibition of sulfate 
assimilation since the auxotrophy cannot be relieved by 
inorganic sulfur sources such as sulfite or sulfide, even 
though the strains do posses all the enzymatic activities 
required for methionine synthesis (Thomas ci al., 1992; 
Murgufa et al.. 1995. 1996: Peng and Verma. 1995). It 
was therefore proposed that the accumulation of pAp in 
strains lacking Hal2p activity is toxic to the cell (MurguIa 
et al.. 1995. 1996). although the target of pAp inhibition 
was not identified. The role of methionine would then be 
to repress the sulfate assimilation pathway, thus reducing 
synthesis of pAp. The synthesis of enzymes required for 
sulfate assimilation (e.g. ATP sulfurylase that catalyzes 
7184 	 © Oxford University Press 
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the first step in sulfate assimilation) is strongly repressed 
by exogenous niethionine in wild-type strains (Cherest 
etal.. 1971). 
Overexpression of I-lal2p suppresses Li toxicity in vivo 
(Glaser er al.. 1993). and the activity of Hal2p was found 
to be strongly inhibited by submillimolar concentrations 
of Li in vitro (Murgula et al.. 1995). Consistent with a 
role for pAp accumulation in Li toxicity. methionine 
supplementation suppresses the cytotoxic effects of Li 
in yeast (Glaser ci al.. 1993: this study). 
Enzymes with the same activity as Hal2p have been 
purified from a multitude of organisms, including mam-
mals (Ramaswarny and Jakoby. 1987). and functional 
HAL2 homologs have been isolated from Eselierichia coli 
(Neuwald ci al.. 1992). Arabidopsis thaliana (Quintero 
et al., 1996) and rice (Peng and Verma, 1995). pApS is 
the sulfur donor for a host of sulfotransferase reactions 
(Falany. 1997, and references therein) and substantial 
generation of pAp is therefore to be expected in all 
organisms. Five sulfotransferases have been identified to 
date in humans (reviewed in Weinshilboum ci al.. 1997). 
RNase MRP is a ribonucleoprotein particle (RNP) with 
endoribonuc lease activity, which cleaves the pre-rRNA at 
site A3 in internal transcribed spacer 1 (ITS 1) (Chu ci al.. 
1994; Lygerou ci al., 1994, 1996). RNase MRP also 
processes RNA complementary to the mitochondrial origin 
of replication in vitro (Chang and Clayton, 1987), although 
a function in mitochondrial DNA replication has not yet 
been demonstrated unambiguously in vivo. Since neither 
of these cleavages are essential for viability. RNase MRP. 
which is essential, must have additional substrates which 
have not yet been identified. We have performed a genetic 
screen for mutants which are synthetically lethal (sI) with 
rrp2-1, a temperature-sensitive (ts) mutation in the RNA 
component of RNase MRP (Dichtl and Tollervey. 1997). 
Synthetic lethality arises when the simultaneous inhibition 
of two interacting components in a biochemical pathway 
gives rise to a lethal phenotype that is not seen on 
inhibition of either single component. The screen identified 
a mutation in HAL2 that is sl in combination with rrp2-I. 
Another si interaction, between the exonuclease Xrnlp 
(xil-A) and RNase MRP (rrp2-1), is the basis of the sl 
interaction between rrp2-1 and ha!2-I. This arises because 
the accumulation of pAp in the ha!2-1 mutant inhibits 
Xrnlp activity. Furthermore, the sI interaction between 
Xrnlp and RNase MRP explains the toxicity of Li to 
yeast cells. This suggests the testable hypothesis. that the 
inhibition of RNA processing enzymes may contribute to 
the diverse effects of Li on neurobiology and develop-
ment in higher eukaryotes. 
Results 
Synthetic lethality with RNase MRP identifies 
HAL2 
We previously reported a genetic screen for mutants which 
are si with a point mutation in the RNA component of 
RNase MRP RNA 0-rp2-1) (Dichtl and Tollervey, 1997). 
Fifteen sI mutant strains were isolated, and one strain. 
SLI58, displayed a tight cold-sensitive (cs) phenotype. 
We cloned a gene which complemented the cs phenotype 
and tested whether this also complemented the sI pheno-
type. To reduce background genetic effects of the muta- 
genesis. strain SLI58 was first back-crossed twice to the 
parental strain CH1305, selecting for cold sensitivity. 
Eight plasmids which complemented the cs lethality of 
the resulting strain, YBD 105. all contained overlapping 
regions of chromosome XV. Subcloning identified one 
gene, HAL21MET22, that restored growth of strain 
YBDI05 at 18°C (see Materials and methods). 
Due to the sI mutation, growth of strain SLI58 is 
dependent on the presence of a plasmid (pBD 1) that 
carries a wild-type copy of the RRP2 gene, as well as the 
URA3 and ADE3 marker genes. Since this strain contains 
a functional URA3 gene, on pBDI, it is not viable on 
medium containing the toxic uracil analog 5-fluoroorotic 
acid (5-FOA). Complementation of the sI phenotype 
permits loss of the RRP2 gene on pBDI and therefore 
allows growth in the presence of 5-FOA. Figure I  shows 
that strain SL158 was able to grow on medium containing 
5-FOA when transformed with plasmids which carry the 
LEU2 marker and either HAL2 (pBD45) or RRP2 (p6134). 
HAL2 therefore complemented both the cs and sI pheno-
types, showing these to be due to the same mutation. 
Overexpression of two protein components of RNase 
MRP. Snmlp and Pop3p, can suppress the rrp2-1 allele 
(Schmitt and Clayton. 1994: Dichtl and Tollervey. 1997). 
Plasmids carrying SNM1 (pBD1I) or POP3 (pBDIO) 
allowed growth of SL158 on medium containing 5-FOA, 
showing that they suppressed the sI phenotype. However, 
neither these genes nor RRP2 (pBD4) were able to 
complement the cs phenotype of SL158 (Figure IC). 
Neither a plasmid carrying the POP] gene (pBD15), 
which encodes another protein component of RNase MRP 
(Lygerou et a/.. 1994), nor the vector alone (pRS4I5) 
suppressed the cs or sI phenotypes. 
Yeast strains mutant in HAL2/MET22 have been reported 
to be auxotrophic for methionine (Masselot and de 
Robichon-Szulmajster, 1975). Figure 1D shows that SL158 
was indeed non-viable on medium lacking niethionine, 
and this phenotype was complemented only by the HAL2 
gene. A haploid yeast strain was constructed in which the 
HAL2 gene is replaced by the HJS3 marker (see Materials 
and methods). The ha!2::H1S3 mutant strain (ha!2-A) was 
auxotrophic for methionine and was found to be cs-lethal 
(data not shown). Moreover, cold sensitivity, auxotrophy 
for methionine and exonuclease inhibition (see below) co-
segregated in three tetrads analyzed from a diploid strain 
which was recovered from the second consecutive back-
cross between SL 158 and CH 1305. We conclude that the 
cs mutation in strain SLI58 lies in the HAL2 gene 
and designate the mutant allele hal2-1. Furthermore, we 
conclude that /ia!2-1 is sI with rrp2-1. 
HAL2 mutant strains accumulate rRNA spacer 
fragments and pre-snoRNAs 
Yeast strains carrying the rrp2-1 ts allele show strong 
inhibition of pre-rRNA cleavage at site A 1 at 25°C and 
are non-viable at 37°C (Shuai and Warner. 1991; Lindahl 
ci al.. 1992; Lygerou ci al., 1994). In an attempt to 
understand the molecular basis of the sI interaction between 
the rrp2-1 and ha!2-1 alleles, pre-rRNA processing was 
analyzed in hal2-1 and ha!2-A strains. 
Figure 2A shows the arrangement of the 35S pre-rRNA 
transcript which is processed to produce the 18S. 5.8S 
and 25S rRNAs. The early cleavages at sites A 0 and A l 
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Fig. I. /w12-1 is synthetically lethal with rrp2-1. Strain SLI58 carrying the RRP2-URA3-ADE3 vector pBDI ) '.sas co-transformed v. rh plasmids 
RRP2-LEU2-CEN (pRRP2), empty vector (pRS4I5), POP1-LE1,12-CEN pPOPI). POP3-LEU2-2p (pPOP3), SNMI-LELI2-2p. (pSNMI) and H.4L2-
LEU2-CEN (pHAL2). The resulting strains were streaked on SD —URA plates and incubated at 25 (A) or 18°C (C). Plates containing 5-FOA (B) 
and plates minus uracil and methionine (D) were incubated at 25°C. 
release a 91 nucleotide fragment from the 5' external 
transcribed spacer (5' ETS). The /ta!2-1 mutant strongly 
accumulated the A 0—A 1 fragment within 6 h after shift to 
18°C (Figure 2B, probe a, lanes 3-6); accumulation of 
this fragment was non-conditional in the hal2-A strain 
(Figure 213. lanes 7-10). Shorter fragments, which are 
likely to be degradation intermediates of the full-length 
fragment, also accumulated. Interestingly, we had observed 
a similar phenotype in strains carrying mutations in 
the 5'-3' exonucleases Xrnlp and Ratlp (E.Petfalski. 
T.Dandekar. Y.Henry and D.Tollervey. submitted). The 
XIIII-A and the rat/-I single mutant strains showed mild 
accumulation of the A 0—A 1 fragment, but accumulation 
was much stronger in the .vrnl-& rail-I double mutant 
(Figure 213. lanes 11-16). This indicates that both exo-
nucleases play roles in the degradation of this pre-rRNA 
region. 
The pre-rRNA fragment which is released by the 
endonucleolytic cleavages at sites D and A1 has been 
reported to require Xrnlp activity for its degradation 
(Stevens et al., 1991). Consistent with this, we observed 
strong accumulation of this fragment in the xnil-A and 
the xrni-. rat/-I strain, but not the rat/-I strain (Figure 
213, probe b). This fragment was slightly increased in the 
ha!2-1 strain at permissive temperature and accumulated  
strongly at 18°C (lanes 3-6). The ha12-A mutant also 
showed strong, non-conditional D—A, accumulation (lanes 
7-10). 
The next endonucleolytic cleavage event, further 3' in 
ITSI, is performed by RNase MRP at site A 3 (Lygerou 
etal.. 1996), releasing the A1—A 3 fragment. This fragment 
strongly accumulated in the ha/2-1 strain 6 h after shift 
to 18°C (Figure 213, probe c, lanes 3-6), as well as in the 
hal2-A strain (lanes 7-10). Both exonuclease single mutant 
strains showed increased levels of A2—A 3 (lanes 11-14) 
but the accumulation was much stronger in the double 
mutant strain, particularly after growth at the non-permis-
sive temperature for rat/-i (lane 16). 
Probe c also detected the accumulation of 5.8S which 
is.5' extended to site A2 (A—E) in the hal2-A mutant 
after shift to 18°C (Figure 213. probe c lower, lanes 7-10). 
This RNA species is characteristic of mutants defective in 
components of RNase MRP (Lygerou et al.. 1994: Dichtl 
and Tollervey. 1997). This species did not accumulate in 
the hal2-1 strain and the reason for its accumulation in 
the hal2-A strain is currently unclear. 
A probe which is complementary to ITS 1 3' of cleavage 
site A3 (Figure 213, probe d) also detected the A 2—E 
fragment accumulated in the ha!2-A mutant (lanes 7-10). 
In addition, probe d detected the RNA species labeled *' 
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Fig. 2. HAL2 mutants are inhibited in 5—s3' exonuclease activity. 
(A) 35S pre-rRNA of S.ceretisiae. The major processing sites are 
indicated in upper case. Probes used for Northern hybridization and 
primer extension are labeled in lower case (a—c). (B) Northern analysis 
of total RNA extracted from a /a12-1 strain (YBD 105) carrying the 
empty vector pRS4I6 (hal2-1. lanes 3-.6) or complemented by the 
HAL2 gene (HAL2. lanes I and 2) and strain YBD 128 carrying 
pRS416 (hal2-A, lanes 7-10) at 30°C. the permissive temperature 
(0 h lanes) and at intervals after transfer to 18°C. the non-permissive 
temperature (6-24 h lanes). RNA from Strains mutant in the 
exonuclease Xrnlp (.srnl-A. D184) and an isogenic wild-type strain 
(XRN1. D185) was analyzed following growth at 30°C. Strains 
mutant in Rat lp (real-1. DAHI8) or carrying both the xml-A and 
ratl-1 mutations (966-c) were analyzed following growth at 25°C and 
after transfer to 37°C for 6 h. Probes used according to (A) are 
indicated on the left. U14mat and snR190mat are probes against the 
mature snoRNAs. The RNA species detected are indicated on the 
right. Differences in exposure time within one panel are indicated 
(XO.1 = 10 times shorter: X0.2 = live times shorter). 
in xrnl-A and xrn]-, rati-] strains (lanes 12 and 16). 
Previous analyses (Henry et al., 1994) have shown this 
to represent 5.8S rRNA species which are 5' extended to 
sites between A 3 and B1 L , due to inefficient exonuclease 
digestion from site A 3 . These RNA species were also 
accumulated in the hal2-I and hal2-A mutant strains (lanes 
3-10). 
Normal 5' maturation of the tandemly transcribed 
snoRNAs snR190 and U14. as well as the intron-encoded 
snoRNA U24, also requires the activities of Ratlp and. 
to a lesser extent. Xrn I p (E.Petfalski, T.Dandekar, Y.Henry 
and D.Tollervey, submitted). In the exonuclease mutant 
strains, discrete 5' extended snoRNA precursors accumu-
lated mildly but clearly, especially in the xrni-& rat]-] 
double mutant at 37°C (lane 16 and data not shown). 
Figure 2B shows that significant levels of unprocessed 
precursor to U14 and snR 190 accumulated at the non-
permissive temperature in the ha!2-1 and ha!2-A strains. 
We also observed accumulation of pre-U24 RNA in both 
ha12 mutant strains (data not shown). The processing of 
the precursor to 5S rRNA was unaltered by mutations 
in either HAL2 or in the exonucleases. Similarly, no 
accumulation of other pre-rRNA spacer fragments. the 5' 
ETS region that lies 5' to site A0 or the C 1 —C 2 region of 
ITS2 was seen in either the HAL2 or exonuclease mutants 
(data not shown). Processing of the primary transcripts 
of tRNA and tRNA G did not exhibit a phenotype 
characteristic of RNase P inhibition in the HAL2 or 
exonuclease mutant strains. However, the 5' and 3' pro-
cessed but unspliced tRNA precursors were observed to 
be one to two nucleotides longer than in the wild-type; 
this was also observed in the rat]-] strain (data not shown). 
Both Xrnlp and Rat lp are required for the turnover of 
several excised spacer fragments of the pre-rRNA and for 
the normal 5' maturation of snoRNAs and 5.8S rRNA 
(E.Petfalski. T.Dandekar. Y.Henry and D.Tollervey. sub-
mitted). The phenotypes of the haI2-1 and hal2-A mutant 
strains closely resemble that of the exonuclease mutants. 
We conclude that strains mutated in HAL2 are inhibited 
in the activities of both 5'-3' exonucleases. 
pAp is an inhibitor of the in vitro activities of the 
two 5'—*3' exonucleases, Xrnlp and Ratip 
Hal2p is a 3'(2').5' bisphosphate nucleotidase which 
converts pAp into 5' AMP and P, (MurguIa et al.. 
1995). Since HAL2 mutant strains are inhibited in 5'-3' 
exonuclease activity, we considered the possibility that 
this effect might be mediated by increased cellular levels 
of pAp. which are normally below 0.1 mM and can 
increase up to 3 mM upon inhibition of Hal2p (MurguIa 
et al.. 1996). To test this hypothesis, the activities of 
highly purified Xrnlp and Ratlp were analyzed in the 
presence of variable concentrations of pAp in vitro. Both 
enzymes were inhibited by pAp with either poly(A) or an 
arbitrarily chosen RNA as the substrate (see Materials and 
methods) (Figure 3A). pAp at a concentration of 0.1 mM 
inhibited the activity of the two enzymes by 40-65% and 
1 mM inhibited in the range 65-85%. The inhibition of 
Xrnlp by pAp was not affected by poly(A) concentration, 
suggesting that the inhibition is not competitive (data not 
shown). Supplementation of the reaction with Mg 2 did 
not restore activity (data not shown), indicating that 
inhibition of the exonucleases was not due to chelation of 
Mg2 by pAp. 
Figure 3B shows the results obtained with other nucleo-
tides. 5' AMP or 3' AMP (Figure 3B), ADP and ATP 
(data not shown) inhibited <10% at concentrations from 
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Fig. 3. pAp inhibits the exonuclease activities of Xrnlp and Ratip 
in vitro. Exonuclease assays were performed using purified XmIp and 
Ratlp. (A) Relative exonuclease activity of XmIp (solid lines) and 
Ratlp (dashed lines) using poly(A) (•) or RNA (0) as substrates at 
different pAp concentrations. (B) Relative Xrnlp activity with poly(A) 
substrate upon increasing concentration of 5' AMP (solid line. •); 
3' AMP (solid line, 0): pAp (dashed line, U): pCp (solid line. U). 
than pAp (data not shown). However, the supplier (Sigma) 
notes that pApS is both less stable and less pure than 
pAp, making the results obtained with pApS difficult to 
interpret. pCp inhibited slightly better than pAp (Figure 
3B), pUp was as inhibitory as pAp (data not shown). 
These results show that the activities of Xrnlp and 
Ratlp were both strongly inhibited by nucleoside 3',5' 
bisphosphates. We conclude that the inhibition of exo-
nuclease activity that we observe in hal2 mutants in vivo 
is mediated by increased cellular pAp levels. 
Lithium treatment of a wild-type yeast strain 
mimics the biochemical phenotype of hal2 
mutants and inhibits RNase MRP activity 
The enzymatic activity of Hal2p has been shown pre- 
viously to be strongly inhibited by Li in vitro (MurguIa 
et al., 1995) and in vivo (MurguIa et al.. 1996). We 
therefore determined whether treatment with Li salt 
in vivo results in inhibition of the 5'-3' exonucleases 
in wild-type yeast strains. Since methionine and the 
overexpression of Hal2p have been reported to suppress 
the cytotoxic effects of Li (Gläser et al., 1993), we used 
synthetic minimal media which either contained or lacked 
methionine, and we also produced a wild-type yeast strain 
which carries an additional copy of the HAL2 gene. The 
wild-type strain had a doubling time of 2.0 h, which 
increased to 10.5 h in medium containing 0.2 M LiCI and 
no methionine (Figure 4A). When the same strain was 
shifted to medium containing 0.2 M LiCI and methionine 
(20 mg/1), growth inhibition was strongly reduced and the 
strain grew with a doubling time of 2.8 h (Figure 4A). 
Overexpression of the HAL2 gene also suppressed the 
Li-induced growth inhibition although to a slightly lesser 
extent (doubling time 3.4 h) (Figure 4A). 
Northern analysis (Figure 4B, probe a) showed that 
the A0-A 1 pre-rRNA spacer fragment accumulated very 
strongly in medium containing 0.2 M LiCI and no methion-
me (Figure 413, lanes 9-12). This accumulation was 
suppressed completely in the presence of methionine 
(Figure 413, lanes 4-8) and strongly reduced by overexpres-
sion of HAL2 (Figure 413. lanes 13-16), particularly after 
prolonged growth. The degree of accumulation of this 
fragment induced by Li treatment was comparable with 
the accumulation of the same fragment in the haI2-1 strain 
at 18°C (Figure 413. lane 3). Similarly, we observed strong 
accumulation of the D-A, (probe b) and A,-A 3 (probe c) 
fragments in medium containing 0.2 M LiCl and no 
methionine. These phenotypes were suppressed completely 
by the presence of methionine in the medium (lanes 5-8) 
and strongly reduced by an additional copy of the HAL2 
gene (lanes 13-16) in medium containing no methionine. 
Probes against the mature forms of the snoRNAs U 14 and 
snR190 also detected Lit-induced accumulation of pre-
U14 and pre-snR190 RNAs in the absence of methionine 
(Figure 413, lanes 9-12). Again, these RNA species were 
not detected in medium containing Li and methionine 
(lanes 5-8) and were strongly reduced when HAL2 was 
overexpressed (lanes 13-16). The same phenotype was 
observed for the intron-encoded snoRNA U24 (data not 
shown). 
The 5.8S rRNA 5' extended to site A 3 (A3-E) and the 
shorter "h'  RNA species (Figure 413. probe d) accumulated 
in medium containing Li and no methionine. Its accumu-
lation was strongly suppressed by methionine (lanes 5-8) 
or pHAL2 (lanes 13-16). 
Probes c and d detect 5.8S rRNA which is 5' extended 
to site A2 (A1-E). The accumulation of this RNA species 
was also induced by Li (Fi(yure 4B. lanes 9-12), strongly 
indicating that cleavage of pre-rRNA at site A 3 , and 
therefore the activity of RNase MRP. was inhibited. 
Strikingly, however, neither methionine (lanes 5-8) nor 
the overexpression of HAL2 (lanes 13-16) could suppress 
its accumulation. This species also did not accumulate in 
the haI2-1 mutant (lanes 1-3). 
To show that the accumulation of the A-E RNA is 
indeed due to inhibition of cleavage at site A 3 , we analyzed 
RNA from the Li-treated wild-type strain by primer 
extension, using oligonucleotide e (see Figure 2A), which 
hybridizes to a region of the pre-rRNA 3' of cleavage site 
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Fig. 4. Lithium induces inhibition of the 5-43' exonucleases and also 
inhibits RNase MRP activity. (A) Growth curves of wild-type strain 
BWGI-7A carrying an empty vector pRS416) before (U) and after 
shift to medium containing 0.2 M LiCI without methionine • or 
0.2 M LiCI with methionine (B). The same strain carrying an  
additional copy of HAL2 (pHAL2) was shifted to medium containIng 
0.2 M LiCl without methionine (0). (B) Northern hybridization 
analysis on total RNA extracted from strains grown as described in 
(A). As reference. RNA from the haI2-1 mutant strain (see Figure 2B) 
was analyzed in parallel. Probes used (see Figure 2B) are indicated on 
the left; RNA species detected are indicated on the right. 
C,. Figure 5 shows that the primer extension stop at site 
A 3 was strongly reduced when cells were grown in medium 
containing Li and methionine (Figure 5, lanes 2-4), as 
compared with wild-type levels (Figure 5, lane 1). In 
contrast, the A 3 signal was dramatically increased when 
cells were grown in Li' and no methionine (Figure 5. 
+ MET - MET , 
O.2M LiCI 
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Fig. 5. Lithium inhibits pre-rRNA Jeusage at site A1. Primer 
extension analysis through site A 3 . employing oligonucleotide e (see 
Figure 2A) on total RNA derived from a wild-type strain (BWG1-7A) 
crowing in medium lacking LiCI (0 h lane) and after transfer to 
medium containing 0.2 M LiCI (6-24 h lanes) with and without 
methionine (± MET). RNA samples are identical to Figure 4B. The 
processing sites revealed as major primer extension stops are indicated 
on the right (see Figure 2A). DNA sequencing reactions on a 
wild-type rDNA plasmid using the same primer are indicated. The 
autoradiogram is overexposed in order to visualize the wild-type level 
of the weak primer extension stop at site A3 (lane 1). 
lanes 5-7). reflecting the accumulation of the A 3—E RNA 
that was observed by Northern analysis (Figure 413, lanes 
9-12). On lithium treatment, cleavage at A 3 by RNase 
MRP is reduced, but the subsequent processing of the 
residual A 4-cleaved pre-rRNA is also strongly reduced 
due to the inhibition of the Xrnlp and Ratlp exonucleases. 
The primer extension stop at site A 2 remains unaffected 
by lithium treatment (Figure 5, lanes 1-7). 
A 3 cleavage is required for the formation of the major, 
short form of 5.8S rRNA, 5.8S 5 (Henry et al., 1994). 
Consistent with this, we observed under-accumulation of 
the major, short form of 5.8S rRNA (5.8S5) after 48 h of 
lithium treatment (in the presence of methionine) due to 
inhibition of A 3 cleavage (data not shown). 
As was found for mutants defective in Hal2p or the 
5'—*3' exonucleases, the processing of the precursor 
to SS rRNA was unaltered by Li treatment and no 
accumulation of other pre-rRNA spacer fragments. the 5' 
ETS region that lies 5' to site A () or the C 1 —C, region of 
ITS2 was seen (data not shown). Processing of the primary 
transcripts of tRNA and tRNA3 G did not exhibit a 
phenotype characteristic of RNase P inhibition upon Li' 
treatment: however, the 5' and 3' processed but unspliced 
tRNA precursors were 1-2 nucleotides longer than in 
untreated cells, a phenomenon which was also observed 
in the hal2-I and rat]-] strains (data not shown). 
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Fig. 6. Lithium treatment results in accumulation of deadenylated 
MFA2 mRNA. Northern analysis of total RNA derived from a wild-
type strain (BWGI-7A) growing in medium lacking LiCI (0 h lane) 
and after transfer to medium containing 0.2 M LiCI (6-24 h lanes) 
with and without methionine (± Methionine. RNA was also analyzed 
from the xml-A (D1841 and the otherwise isogenic XRN1 strain 
(D185): the same RNA preparations were used as in Figures 2B and 
4B. As a size marker, deadenylated RNA from strain BWGI-7A was 
separated on the same gel [poly(A) - RNA]. The filter was probed with 
an oligonucleotide against MFA2 mRNA. Migration of deadenylated 
MFA2 mRNA is indicated. 
Li therefore induced a biochemical phenotype in a 
wild-type yeast strain which resembled that seen in the 
HAL2 mutant strains. We conclude that the inhibition of 
Hal2p by Li leads to increased cellular pAp levels which 
then inhibit the 5'-3' exonucleases, Xrnlp and Ratlp. 
Consistent with this proposal, methionine suppressed the 
inhibition of the exonucleases, presumably by repressing 
sulfate assimilation (Cherest et al., 1971), thus reducing 
production of pAp. Overexpression of HAL2 also sup-
pressed the exonuclease inhibition, probably by reducing 
the cellular pAp concentration due to increased enzyme 
levels (Murgufa et al.. 1995). In addition, Li inhibits the 
activity of RNase MRP in cleavage of the pre-rRNA at 
site A3 . This inhibition does not appear to be mediated 
by pAp, since neither methionine supplementation nor 
HAL2 overexpression could rescue the Li-induced 
phenotype. 
In the major mRNA decay pathway in yeast, deadenyl-
ation is followed by decapping: this then exposes the body 
of the mRNA to 5'—*3' degradation by Xrnlp (Muhlrad 
et al., 1994). MFA2 encodes a well-studied mRNA which 
follows this decay pathway (Muhlrad etal., 1994). Figure 
6 shows the effects of Li treatment on the size distribution 
of the MFA2 mRNA: the heterogeneity represents the 
distribution of poly(A) tail lengths. Growth in medium 
containing 0.2 M L1CI and no methionine led to the 
accumulation of shortened forms of MFA2 mRNA (Figure 
6, lanes 5-7). These migrated faster than the shortest 
mRNA species detected in the wild-type control (Figure 
6, lane I). indicating that they had poly(A) tails shorter 
than the length at which decapping and Xrnlp-mediated 
degradation are normally triggered. The size of these 
tnRNA species was, however, slightly longer than poly(A) 
RNA (Figure 6. lane 8), consistent with reports that the 
final 10-12 adenine residues of the poly(A) tail are 
removed more slowly than the initial, fast deaden lation. 
The effects of Li on the MFA2 mRNA were suppressed 
in medium supplemented with methionine (Figure 6, lanes 
2-4). As expected (Muhlrad et al., 1994). the xrn1-
strain strongly accumulated the short MFA2 mRNA (Figure 
6. lane 10). This indicates that Li can strongly alter  
mRNA degradation rates via the pAp-mediated inhibition 
of Xrnlp. 
The exonuclease Ratlp was identified as a ts mutant 
allele which accumulates poly(A) RNA in the nucleus 
at non-permissive temperature (Amberg et al.. 1992). 
Although the function of the exonuclease in mRNA export 
is unclear, we tested whether Li inhibition of Ratlp 
activity also results in nuclear poly(A) accumulation. In 
situ hybridization experiments were performed using yeast 
cells from the wild-type strain BWG1-7A after growth in 
medium containing 0.2 M LiCI and no methionine for 6 h 
and the hal2-A mutant strain after growth for 6 h at 
the non-permissive temperature (18°C). Using fluorescein 
isothiocyanate (FITC)-labeled oligo(dT) as a probe, no 
accumulation of poly(A) RNA in the nucleus was 
detected in either the Li-treated wild-type strain or the 
hal2-A mutant at 1 8°C (data not shown). In contrast, a 
yeast strain mutated in the nuclear pore protein Nup133p 
(Doye ci' al.. 1994) gave clear poly(A) +  accumulation at 
the restrictive temperature (data not shown). We conclude 
that Li did not inhibit nuclear mRNA export. 
rrp2- 1 strains are lithium hypersensitive, and the 
combination of the xml-A and rrp2-1 alleles 
results in synthetic lethality 
The pAp-independent inhibition of RNase MRP activity 
by Li prompted us to test whether mutants in the RNA 
component of RNase MRP were hypersensitive to Li t . 
Figure 7A shows that growth of the rrp2-1 mutant strain 
(YBD39) was strongly inhibited compared with the iso-
genic RRP2 wild-type strain (YBD40) on plates containing 
increasing concentrations of L1CI (50, 100 and 200 mM 
LiCI, in the presence of 20 mg/i methionine). In contrast, 
the hal2-A strain (YBD128) was not inhibited in growth 
relative to the isogenic HAL2 sister strain (YBDI27) on 
these media. In a related experiment (Figure 713). we 
tested the growth of the rrp2- I strain used for sI screening, 
YBD1. on 5-FOA (which selects against the RRP2-URA3-
ADE3 plasmid: pBDI) and 5-FOA supplemented with 
0.2 M LiCI; both media also contained methionine. Strain 
YBDI was viable on medium containing 5-FOA alone 
but unable to grow in the presence of 5-FOA + LiCI. 
This shows that the rrp2-1 strain requires the RRP2 gene 
on the plasmid in order to grow in the presence of LiC1. 
The wild-type control strain BWGI-7A showed only 
slightly reduced growth on 5-FOA + 0.2 M LiCI compared 
with 5-FOA alone, indicating that the inability of strain 
YBDI to grow on 5-FOA + 0.2 M LiCI was not simply 
due to a reduced growth rate. Since methionine was 
present in these plates, the exonuclease defects should be 
suppressed (see Figure 4B). These results show that the 
rrp2-I mutant strain is hypersensitive to Li and that this 
is not mediated by the Li inhibition of Hal2p, consistent 
with the direct inhibition of RNase MRP activity by Li t . 
Our finding that !-IAL2 mutants are inhibited in 5'-3' 
exonuclease activity, together with the observation that 
ha!2-I is sI with rrp2-1. prompted us to test for an sI 
interaction between rrp2-1 and xml-A. We therefore 
disrupted the non-essential XRNI gene in the strain used 
for screening for synthetic lethality with rrp2-I (YBD1). 
Figure 7C shows that the resulting strain, YBDI25. did 
not grow on 5-FOA. indicating that viability of the strain 
depended on the wild-type RRP2 gene. which was present 
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Fig. 7. rrp2-I strains are lithium hypersensitive and the combination 
of the jo-W-A and rrp2-1 alleles results in synthetic lethality. (A) The 
ha12-A (YBD 128) and the rrp2-I YBD39) strains as well as the 
otherwise isogenic wild-type strains (YBDI27 and YBD40) were 
grown in YPD and diluted to OD )  nm  of 0.4. Aliquots of 5 p1 from 
10-fold serial dilutions were spotted on plates lacking lithium, or 
containing 50. 100 and 20) mM LiCI. All plates contained methionine 
and were incubated at 25°C. The growth shows that the rrp2-1 strain 
is hypersensitive to LiCI whereas the ha12-1 strain is not. (B) Yeast 
strains YBDI (rrp2-1) carrying pBDl (RRP2-URA3-ADE3-CEW) and 
the wild-type strain BWGI-7A (carrying the empty vector pRS416) 
were grown to saturation in SD —URA medium and 5 p1 of ID-fold 
serial dilutions were spotted on SD —URA plates. 5-FDA plates and 
5-170A plates containing 0.2 M LiCl. All plates contained methionine 
and were incubated at 25°C. The rrp2-I strain is unable to lose the 
RRP2-UR.43-ADE3-CEN plasmid in the presence of 0.2 M LiCI, as 
shown by its failure to grow on medium containing 5-FOA which 
selects against the URA3 marker on the plasmid. (C) Yeast strains 
YBDI (rrp2-1). carrying vector pBDI (RRP2-URA3-ADE3-CEN). 
YBDI25 (rrp2-1 and xrn1::LEU2). carrying vector pBDl (RRP2-
URA3-ADE3-CEN) and YBDI36 (Itai2-1 and xrnl::LEU2). carrying 
vector pBD38 (HAL2-URA3), were streaked on SD —URA plates and 
on plates containing 5-FOA: incubation was at 25°C. Growth of the 
xrn/-. rrp2-1 strain (YBD 125) is dependent on the presence of the 
RRP2-URA3 plasmid (pBDI). as shown by its failure to grow on 
medium containing 5-FOA, demonstrating that the xml-A and rrp2-1 
mutations are synthetic lethal. The haI2-A and .sr,zl-A mutations in 
YBDI36 are not synthetic lethal. 
on the URA3, ADE3 plasmid (pBDl). We conclude that 
the combination of the xnil-A and the 'rp2-1 alleles 
results in synthetic lethality. 
We also disrupted the XRNJ gene in a haI2-1 mutant 
strain which carries the HAL2 gene on a URA3 plasmid 
(pBD38). Viability of the resulting strain (YBD 136) did 
not depend on the presence of a wild-type copy of the 
HAL2 gene, as shown by its ability to grow on 5-FOA 
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Fig. 8. Schematic reprecntatiun of the inhihitor cftecLs ot lithium on 
RNA processing enzymes. Sulfate is activated by formation of pApS, 
which is then reduced to sulfite by pApS reductase, releasing pAp as a 
side product. Methionine, one end product of sulfate assimilation, 
represses the sulfate assimilation pathway (indicated by dashed line) 
and thus pAp production. In addition, sulfotransferases use pApS as 
sulfur donor, contributing to pAp production. A mutation in Flal2p 
(haI2-1) leads to accumulation of pAp, resulting in the inhibition of 
the exonucleascs Rat ip and Xrnlp (indicated by the minus sign). A 
deletion of XRN/ (xml-A) is synthetically lethal (sI) with a mutation 
in RNase MRP RNA (rrp2-1). We, therefore, conclude that the sI 
interaction originally observed between rrp2-1 and 1,a12-1 is a 
consequence of Xnilp inhibition. The lethality of Li treatment is due 
to synergistic toxicity between Hal2p and RNase MRP. Li inhibition 
of Hal2p leads to the accumulation of pAp, which inhibits the 
exonucleases Xrnlp and Ratlp. Li also inhibits the activity of RNase 
MRP. by a mechanism which is independent of pAp, 
not sI with each other, consistent with our conclusion that 
the ha12-1 mutation acts epistatically in the inhibition of 
Xrnlp. We conclude that the initially identified si inter-
action between the rrp2-1 and the ha12-1 alleles is caused 
by indirect (pAp-mediated) inhibition of Xrnlp. which 
then results in synthetic lethality with rrp2-1. Moreover, 
following treatment with Li. the pAp-mediated inhibition 
of Xrnlp (due to Li' inhibition of Hal2p) and pAp-
independent Li inhibition of RNase MRP activity results 
in 'synergistic toxicity', which forms the basis of the 
inhibition of growth by Li (Figure 8). 
Discussion 
We have undertaken an sI screen with a point mutation in 
the RNA component of RNase MRP (rrp2-1) in order to 
identify new genes which functionally and/or physically 
interact with RNase MRP. One of the sI strains, SL158. 
displayed a tight cs-lethal phenotype. The HAL2 gene was 
cloned by complementation of this cs-lethality and was 
found also to complement the sI phenotype, making it 
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very probable that both are due to the same mutation. 
Strains carrying a complete deletion of the HAL2 gene 
were found also to be cs-lethal and are methionine 
auxotrophs. Strain SL158 is a methionine auxotroph and 
this phenotype was complemented by HAL2. Genes which 
act as multicopy suppressors of the rrp2-1 mutation. SNMI 
and POP3, suppressed the sI phenotype of SL 158, but did 
not suppress the cs phenotype or methionine auxotrophy. 
We conclude that strain SL 158 carries a mutation in HAL2 
which leads to synthetic lethality with a point mutation 
in the RNase MRP RNA: the mutant allele was designated 
hal2-1. None of the 14 other si strains identified in the 
genetic screen are methionine auxotrophs, indicating that 
only SLI58 has a mutation in HAL2. 
Following transfer of the hai2-1 strain to the non-
permissive temperature, we observed strong accumulation 
of several pre-rRNA spacer fragments, from the A 0—A 1 . 
D—A, and A 2—A 3 regions. 5' Extended forms of several 
snoRNAs tested, U14, snR190 and U24, also appeared. 
Non-conditional accumulation of these RNA species was 
observed in the hal2-A strain. A requirement for the 5'-3' 
exonuclease. Xmlp, in the degradation of the D—A 2 pre-
rRNA spacer fragment had been reported previously 
(Stevens et al., 1991). In addition, both the Ratlp and 
Xrnlp exonuclease activities are required for normal 
degradation of the A 0—A, and A2—A 3 pre-rRNA fragments 
and for the normal 5' maturation of the snoRNAs U14, 
snR 190 and U24 (E.Petfalski, T.Dandekar, Y.Henry and 
D.Tollervey, submitted). The mature 5' end of the major, 
short form of 5.8S rRNA (5.8S) is also generated by 
an exonuclease activity that requires Xrnlp and Ratip, 
following cleavage of the pre-rRNA at site A 3 by RNase 
MRP (Henry et al.. 1994). We observed the accumulation 
of 5' extended forms of 5.8Ss rRNA in the HAL2 mutant 
strains. Both mutant strains accumulated mainly the RNA 
labeled '*' in Figure 2B. which has its 5' end in the 
region between the A 3 and B1 L processing sites and is 
characteristic of the inhibition of Xrn 1 p  and Rat 1 p  (Henry 
et al., 1994), together with low levels of the species which 
are 5' extended to site A 3 . Taken together, we conclude 
that the activities of both Xrnlp and Ratlp are strongly 
inhibited in the ha!2 mutant strains. 
Hal2p exhibits a 3'(2'),5' bisphosphate nucleotidase 
activity which converts pAp to 5' AMP, and inhibition of 
Hal2p results in strong accumulation of pAp (MurguIa 
etal., 1995. 1996). This suggested that the 5'-3' exonu-
cleases might be inhibited directly by pAp in hal2 mutants. 
Exonuclease assays using purified Xrnlp and Ratlp 
showed that pAp strongly inhibited the activity of both 
enzymes in vitro. About 70% inhibition was observed 
with 1 mM pAp, while little inhibition was seen at 0.1 mM 
or below: the normal intracellular pAp concentration in 
yeast cells is <0.1 mM (Murgula ci al.. 1996). pApS also 
inhibited, although to a lesser extent: and other nucleoside 
3',5' bisphosphates tested, pUp and pCp, are also inhibit-
ory. No in vitro inhibition of the exonucleases was seen 
with other nucleotides tested (5' AMP, 3' AMP. ATP or 
ADP) at a concentration of 1 mM. We conclude that the 
inhibition of Xrnlp and Ratlp activities in the haI2 
mutants is due to increased cellular levels of pAp. 
The observations that Hai2p overexpression confers salt 
tolerance on yeast and also suppresses Li toxicity (Glaser 
et al., 1993, and data presented here), together with the  
sensitivity of Hal2p activity to Li inhibition in vitro, 
support the view that Hal2p is the most sensitive target 
of Li inhibition in viva. The in vitro enzymatic activity 
of Hal2p is non-competitively inhibited by submillimolar 
amounts of Li (50% inhibition at 0.1 mM Lie) (Murgula 
etal., 1995). Consistent with this, the intracellular concen-
tration of pAp increases from <0. 1 mM to 2-3 mM upon 
Li treatment of wild-type cells (Murgula et al., 1996). 
We observed strong inhibition of the Xrnlp and Ratlp 
activities at 1 mM pAp in vitro. Li treatment of wild-
type yeast strains also resulted in strong inhibition of all 
the RNA processing reactions known to require the activi-
ties of Xrnlp and Rat lp. We conclude that Li inhibition 
of Hal2p results in increased cellular levels of pAp which 
in turn inhibit the exonucleases. Inhibition of XmIp is 
not, in itself, the basis of Li toxicity, since Xrnlp is 
not required for viability. Ratlp is essential, but of the 
biochemical defects so far observed in rati mutant strains 
the only one that would be expected to cause lethality is 
the accumulation of nuclear poly(A) RNA (Amberg 
et al., 1992). We did not detect nuclear poly(A) RNA 
accumulation in Li t -treated wild-type cells or in the 
hal2-A mutant strain at non-permissive temperature, indic-
ating that this is also not the sole basis of Li toxicity. 
The in vivo activity of RNase MRP, i.e. cleavage of 
pre-rRNA at site A 3 , was inhibited by Lit This is 
independent of pAp since neither methionine supple-
mentation nor overexpression of Hal2p suppressed the 
biochemical phenotype. Since rrp2-1 mutant strains, which 
have a single nucleotide substitution in the MRP RNA 
(Chu et al., 1994), are Li hypersensitive even in the 
presence of methionine, it is very likely that RNase MRP 
is inhibited directly by Lit However, the inhibition of 
RNase MRP by Li does not directly result in lethality. 
since Li toxicity in cells can be relieved by overexpres-
sion of Hal2p. 
These observations, together with the isolation of ha/2-1 
as a mutation which is sI with a point mutation in RNase 
MRP. suggested that the toxicity of Li is due to the 
simultaneous inhibition of Hal2p and RNase MRP. Since 
there is no obvious direct connection between the activities 
of RNase MRP and Hal2p, we speculated that the real 
basis of the lethality was an sI interaction between RNase 
MRP and the 5'-3' exonucleases: increased pAp levels 
in the sI strain, SLI58, might inhibit Xrnlp resulting in 
lethality in combination with the rrp2-1 allele. Consistent 
with this model. strain SL158 showed substantial inhibition 
of the exonucleases even at 24°C, the temperature at 
which the sI screen was performed (data not shown). The 
combination of the xrnl-A and the rrp2-1 alleles was 
therefore tested and, indeed, resulted in synthetic lethality. 
This previously unsuspected genetic interaction between 
Xrnlp and RNase MRP underlies the toxicity of Lit 
Xmlp activity is blocked indirectly by pAp accumulation, 
due to Li inhibition of Hal2p. while RNase MRP is 
inhibited directly, evoking an sI interaction (see Figure 8). 
This model is strongly supported by the Li*  hypersensi-
tivity of the rrp2-I strains. It remains possible that pAp 
inhibition of Ratlp also contributes to lethality. The 
conclusion is that there is not a single target of lithium 
toxicity in yeast: lethality arises via the simultaneous 
inhibition of two components, where inhibition of neither 
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Table I. Yeast strains 
Strain Genotype Reference/Source 
YBDI MATes, ade2, ade3, Ieu2, liis3, irpi, ura3, rrp2-1. [pRRP2-URA3-ADE3] Dichtl and Tollervey (1997) 
YBD39 MATc., ade2, ade3, his3. !eu2. trpl, ura3, rrp2-1 this work 
YBD40 MATm ade2. adei, his3. leu2. irpI. ura3 this work 
YBD 105 MA Ta, ade2, ade3. leu2, lvs2. ura3, hal2-1 this work 
YBDI25 MATe,., ade2, ade3, Ieu2. his3. trpl. uro3, rrp2-1. xrnl::LEU2 [pRRP2-URA3-ADE3] this work 
YBDI27 MATa. ade2-1, his3-A200, leu2-3,112, trpI-1. ura3-1, canl-100 this work 
YBD128 MATa. ade2-1, his3-&200. Ieu2-3,112, trpI-1, ura3-1. can]-100, hal2.'.HIS3 this work 
YBDI36 MATa, ade2, ade3, Ieu2, Ivs2. ura3, hal2-1, .rrnl::LEU2 [pHAL2-URA3] this work 
SL 158 MATes. ade2, ade3. Ieu2, his3, trpl, ura3, rrp2-I, hal2-I [pRRP2-URA3-ADE3] this work 
CHI305 MATa. ade2, ade3. leu2, /vs2, ura3 C.HoIm (Harvard. USA) 
BWGI-7A MATa, adel -100, his4 -519, leu2-3,112, ura3-52 L.Guarente (MIT. USA) 
966-Ic MATa, ura3-52, xrnl::URA3, rat/-I Henry etal. (1994) 
D184 MATa. ade2-1, ura3-52, his3-11, trpl-1, xrnl::URA3 SKearsey (Oxford. UK) 
D185 MATa, ade2-1, ura3-52, his3-11. trp/-I S.Kearsey (Oxford. UK) 
DAHI8 MATes, 1eu2-1, ura3-52, his3-A200, rat/-I Henry et al. (1994)1 C.Cole 
(Dartmouth. USA) 
individual component is lethal. We refer to this phenom-
enon as synergistic toxicity. 
Xrnlp is the major exonucleolytic activity which is 
required for the turnover of mRNAs (Muhirad et al., 
1994). We have shown that this function of Xrnlp is also 
inhibited by Li t -induced pAp accumulation, resulting in 
the accumulation of deadenylated mRNA. Mutations in 
XRNI can result in pleiotropic effects and, consequently, 
the gene has been identified independently in a number 
of different genetic screens as SEP], DST2, KEMI, RAR5 
and XRNI (reviewed in Kearsey and Kipling, 1991). 
Whether all of these phenotypes can be attributed directly 
to alterations in mRNA turnover or other RNA processing 
defects is not yet established. RNase MRP cuts site A 1 in 
the pre-rRNA but this function is non-essential for cell 
viability (Henry et al., 1994), whereas all known com-
ponents of the RNase MRP RNP are essential. We therefore 
concluded that RNase MRP has additional, as yet unidenti-
fied, substrates (Dichtl and Tollervey. 1997). The bio-
chemical basis of the sl interaction between Xrn 1 p  and 
RNase MRP is also unclear. Two obvious possibilities are 
that they collaborate in the synthesis of some (as yet 
unidentified) essential RNA species, or that they collabor-
ate in tnRNA turnover. No mRNA turnover pathway in 
yeast has been shown to involve an endonucleolytic 
cleavage, but several examples are known from higher 
eukaryotes. In E.coli, the endonucleases RNase E and 
RNase III participate in both mRNA turnover and pre-
rRNA processing. 
The pAp-mediated inhibition of Xrnlp and Ratlp and 
direct inhibition of RNase MRP might also contribute to 
the effects of Li in neurobiology and in development. 
Gene expression is known to be affected by therapeutic 
concentrations of Li (Manji et al., 1995, and references 
therein). Although the concentrations of Li used in this 
study are two orders of magnitude higher than blood 
plasma levels in patients treated with Li (-1-1.5 mM), 
it is known that yeast has very efficient mechanisms to 
reduce intracellular Li (Rodriguez-Navarro and Asensio. 
1977). A central role in Li*  and Na efflux in yeast is 
played by the ENAI-4 gene cluster, and deletion of these 
genes reduces the toxic concentration of Li to <10 mM 
(Quintero et al., 1996). Moreover, mutations in a number 
of other transport systems increase sensitivity to Li.  
indicating that these also contribute to normal Li efflux. 
The Li concentration at which Hal2p activity is inhibited 
in vitro is well below the therapeutic dose. HAL2 homologs 
have been identified in E.co!i (cysQ), A.thaliana (SALI) 
and rice (RHL), and enzymes with the activity of Hal2p 
have been characterized in mammals (Ramaswamy and 
Jakoby, 1987). A multitude of sulfotransferase reactions 
which use pApS as the donor exist in higher eukaryotes, 
resulting in the production of pAp. It seems probable that 
Li will also inhibit Hal2p activity when applied as a 
drug in humans, or when injected into developing Xenopus 
embryos, leading to pAp accumulation. The 5'—*3' exo-
nucleases are highly conserved in evolution since the 
mouse XRN] homolog can complement a yeast xml 
mutant strain (Bashkirov et al., 1997). By analogy to 
yeast, the accumulation of pAp could inhibit Xrnlp, 
leading to mRNA stabilization and consequent changes in 
the pattern of gene expression. These observations raise 
the possibility that alterations in RNA metabolism may 
contribute to the effects of Li in development and in 
human neurobiology. 
Materials and methods 
Strains, media and microbiological techniques 
Growth and manipulations of E.coli (Maniatis et al., 1982) and S.cere. 
visiae (Sherman, 1991) were performed by standard techniques. Yeast 
transformations were carried out using a lithium acetate method (Gietz 
et al.. 1992). Plasmid recovery from yeast into E.coli was performed as 
described in Rohzyk and Kassir (1992). The yeast strains used in this 
study are listed in Table 1. 
All media used in this study contained methionine, unless explicitly 
stated otherwise. For analysis of the effects of Li on growth, yeast 
strains were grown at 30°C in SD minimal medium to mid-exponential 
phase. Cells were harvested by centrifugation and resuspended in medium 
containing 0.2 M LiCI with and without methionine (20 mg/I), and 
exponential growth was maintained. Growth on 5-FOA was tested on 
synthetic medium agar plates containing 0.14 5-FOA (wlv). uracil 
(20 mg/I) and nutrients. 
Cloning of HAL2 
Mutagenesis and isolation of yeast strains which are sI with rrp2-1 has 
been described (Dichtl and Tollervey. 1997). Strain SL158 was back-
crossed twice to the parental strain CHI 305, selecting for cold sensitivity, 
and one cs strain (YBD 105) of the resulting progeny was transformed 
with a yeast genomic library in pUN100 (Bergès et al.. 1994). Library 
plasmids were recovered in E.coli from eight independent non-Cs yeast 
transformants. All plasmids contained an overlapping fragment of yeast 
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chromosome XV. One plasmid (pBD36) was used to produce deletion 
mutants. A 2.3 kb SucI-Spel fragment (containing the HAL21ME722 
gene) released from pBD36 was shown to complement the cs phenotype 
of strain YBD 105 and the sI phenotype of SLI58 when transformed into 
those strains as plasmid pBD38 or pBD45. respectively. 
Plasmids 
The 2.3 kb Sacl-Spel fragment of pBD36 (see above) was cloned into 
pRS3I6 (CEN-URA3. Sikorski and Hieter, 1989) to give plasmid 
pBD38 and into pRS415 (CEN-LEU2, Stratagene) to give plasmid 
pBD45 (pHAL2). 
Plasmids pBDl RRP2-URA3-ADE3-CE1'/). pBD4 (pRRP2. RRP2-
LEU2-CEN). pBD 10 pPOP3. POP3 -LEU2-2 p.). pBD I  (pSNM I. SNMI-
LEU2-2p.) and pBD15 (pPOPI, POP/-LEU2-CEN) have been described 
(Dichtl and Tollervey. 1997). 
Gene disruptions 
To construct a H4L2 null allele, we replaced the complete HAL2 open 
reading frame in the diploid yeast strain BMA38 using a one-step PCR 
method (Baudin eral.. 1993). The HIS3 marker gene was PCR amplified 
using oligonucleotide HAL2-pro. ATATGTACTCATATATTTATGTCTA-
TCAATAAAGTAAAATATATGCTCGTFCAGAATGACACG and oligo-
nucleotide HAL2-term, TTAGTAAGTAAGAAG1TTAAAGACAAC-
TCAGAAGACATCAGCACTCTTGGCCTCCTCTAG. Sporulation and 
tetrad dissection of one heterozygous HAL21hal2::HIS3 transformant 
resulted in four viable strains per tetrad. Correct integration was verified 
by Southern hybridization. Strains carrying the hal2:.HIS3 allele (ha12-z) 
were auxotrophic for methionine and cs. 
XRNJ gene disruptions in strains YBDI and YBD 105 were performed 
using a 5.8 kb .vrnl::LEU2 disruption construct recovered from plasmid 
LBW503 (kindly provided by Lydia Jane, Oxford, UK). Correct integra-
tion was verified by Southern hybridization. 
RNA analysis 
RNA extraction (Tollervey and Mattaj. 1987), Northern hybridization 
(Tollervey, 1987) and primer extension (Beltrarne and Tollervey. 1992) 
were performed as described. Probes for Northern hybridization and 
primer extension, indicated in Figure 2A, were as follows: oligonucleotide 
b. GCTCmGcTCTFGCC: oligonucleotide c. ATGAAAACTCCACA-
GTG: oligonucleotide d. CCAGTTACGAAA'ITCTTG: and ol igonucleo-
tide e. GGCCAGCAATT'FCAAGT: probe a is a riboprobe overlapping 
the A0-A 1 fragment (Venema ci al.. 1995). Oligonucleotides against 
the mature snoRNAs U14 and snR190 were as follows: U14mat. 
TCACTCAGACATCCTAGG: and snR l9Omat, CGTCATGGTCGAAT-
CGG. The probe against MFA2 mRNA was the oligonucleotide G(iCGG-
GATCCCAGAAGAGGCCCYI'GAllTAT (Michaelis and Herskowitz, 
1988). 
In situ hybridization was performed as described (Amberg et al.. 
1992). using FITC-labeled oligo(dT). 
In vitro exonuclease assays 
Xrnlp was purified according to the procedure of Johnson and Kolodner 
(1991) and Ratip was purified as described (Stevens and Poole, 1995). 
Nucleotides were from Sigma. pApS is 60-80% pure and described as 
unstable at room temperature. The exonuclease assays were carried out 
as described for determination of the reaction specificity of Ratip 
(Stevens and Poole. 1995). The reaction mixtures (50 p1) contained 
4 nmol (as nucleotide) of [ 3 Hjpoly(A) (8.5X 104 c.p.m.). 33 mM Tris-
HCI. pH 8.0. 2 mM MgCl2. 0,5 mM dithiothreitol (Dli'), 30 pg of 
acetyloted albumin, and an amount of Xrnlp or Ratlp to give 15-30% 
hydrolysis of the poly(A). The mixtures were incubated at 37°C for 
10 mm. Activity was determined by measurement of acid-soluble 
label released. 
[ 3H]RNA was prepared using the T7 Ribo-Max high level RNA 
production system with the luciferase control DNA (Promega) as the 
template and I 3H1UTP (ICN(. The triphosphate-ended RNA was then 
hydrolyzed with tobacco acid pyrophosphatase (Epicentre) to give a 5' 
phosphate terminus on the RNA (Stevens and Poole, 1995). For the 
I 3 HiRNA assay, 2 nmol (as nucleotides), 3x 10 cp.m., were incubated 
in reaction mixtures as described abovc 
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